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Abstract  57 

While outdoor urban greening is recognised for its benefits, indoor green infrastructure (iGI) in 58 

shaping indoor environmental quality (IEQ) - including air quality, thermal comfort, and 59 

bioaerosols - remains underexplored. This ten-question paper identifies key challenges, 60 

opportunities, and research gaps in the iGI-IEQ nexus, organised under 10 questions across five 61 

thematic clusters: (1) biophysical and technical performance; (2) ecological and 62 

microbiological dynamics; (3) human health and wellbeing; (4) equity, access, and socio-63 

economic factors; and (5) implementation and systems integration. Findings indicate that iGI 64 

can improve air quality, regulate humidity, and enhance thermal comfort. However, its 65 

performance depends strongly on plant density, species selection, and ventilation. Most 66 

evidence comes from controlled settings.  iGI may offer positive psychological and cognitive 67 

benefits, and can reduce health inequalities through affordable indoor interventions. However, 68 

significant data scarcity exists for long-term field studies, indoor microbial ecosystem effects, 69 

and socio-economic accessibility. Widespread adoption of iGI requires quantification of proven 70 

benefit conditions, followed by overcoming technical, operational, and regulatory barriers via 71 

adaptive design, digital monitoring, and interdisciplinary collaboration. As a culminating 72 

synthesis, this study introduces a newly developed comprehensive matrix that classifies twenty-73 

six indoor greening types across twenty IEQ parameters, incorporating an assessment of current 74 

data confidence. This matrix lays a foundational framework for informed decision-making and 75 

design guidance. This review offers evidence-based insights for researchers, policymakers, and 76 

practitioners to effectively leverage iGI where suitable, in creating healthier, climate-resilient 77 

residential and commercial buildings, addressing both immediate IEQ challenges and 78 

supporting long-term sustainability objectives. 79 

Keywords: Indoor green infrastructure (iGI); Indoor greening; Sustainable Living; Climate 80 

resilience; Sustainable Development Goals; Indoor environmental quality 81 
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1. Introduction   82 

Built, enclosed environments now constitute the predominant human habitat, with 83 

individuals spending up to 90% of their lives indoors [1,2]. The characteristics of these 84 

environments exert substantial influence on human health and wellbeing. Increasing evidence 85 

has established direct associations between modern artificial settings, contemporary lifestyles, 86 

and a broad spectrum of emerging psychological and physiological disorders [3]. These impacts 87 

are expected to intensify as a growing proportion of the global population transitions toward 88 

urbanised living patterns [4]. At the same time, climate change is reshaping the design of our 89 

indoor and outdoor environments, bringing higher temperatures, shifting humidity levels, and 90 

consequently altering pollution patterns in buildings. Efforts to improve energy efficiency in 91 

buildings aim to meet net-zero commitments adopted by many countries, such as the mid-92 

century decarbonisation targets of the United Kingdom and the European Union, and a growing 93 

number of international governments [5,6]. There is a risk of compromising indoor 94 

environmental quality (IEQ), particularly when enhanced energy efficiency leads to reduced 95 

ventilation without properly addressing indoor pollution sources. While outdoor greening 96 

solutions such as green walls and trees are well-researched [7–9], the evidence surrounding the 97 

role of indoor green infrastructure (iGI), also referred to as indoor greening, in influencing IEQ 98 

remains limited and fragmented. 99 

The incorporation of various iGI - including potted plants, indoor green walls and screens, and 100 

moss panels, grown either in conventional media or hydroponically - interacts directly with the 101 

built environment and occupants, thereby influencing IEQ [10]. IEQ is a multifaceted concept 102 

encompassing indoor air quality (IAQ), thermal comfort, bioaerosols (bacteria, viruses, fungi, 103 

pollen, mould and allergens), lighting, and acoustics, all of which can affect human health and 104 

well-being [11,12]. As illustrated in Figure 1, iGI can be grouped into passive, transitional, and 105 

active types based on their level of technological integration, encompassing 21 commonly used 106 
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indoor greening systems. However, only a limited number of studies have explored how indoor 107 

greening influences these multidimensional aspects [10].  108 

Most existing work has focused on the removal of specific pollutants or humidity regulation, 109 

providing the foundations to now explore the broader pathways and opportunities. Research is 110 

particularly scarce on the effects of plants on indoor air dynamics; on plant-microbiome 111 

interactions (e.g., phyllosphere and rhizosphere communities) and their potential interactions 112 

with human and surface microbiomes; and on the emission and fate of biogenic volatile organic 113 

compounds (BVOCs) released indoors [13]. Equally, the contribution of vegetation to 114 

secondary IEQ parameters such as acoustic performance has received little systematic attention. 115 

Notably, existing studies rely on chamber-based or closed-environment setups, which do not 116 

reflect real-world conditions or account for variations in plant placement, ventilation patterns, 117 

and occupant behaviours, thus limiting their generalisability to occupied buildings [14]. 118 

Furthermore, standardised metrics for evaluating the impact of iGI on IEQ parameters are 119 

lacking, limiting cross-study comparability. Long-term, large-scale investigations that integrate 120 

field-based measurements with modelling are essential, covering both residential and 121 

commercial settings. Therefore, while indoor greening holds promise, robust multidisciplinary 122 

evidence is required to clarify its potential for improving IEQ and ensuring that iGI does not 123 

exacerbate existing health and wellbeing inequalities.  124 

Climate change affects IEQ through complex interactions between building energy efficiency, 125 

shifting outdoor pollution patterns, and adaptive occupant behaviour. Energy efficiency 126 

measures often reduce ventilation, while climate-sensitive pollutants (e.g. ozone and bVOCs) 127 

increasingly infiltrate buildings during warm periods. Simultaneously, climate-driven humidity 128 

can increase elevated mould risk. These combined challenges highlight the need for frameworks 129 

linking IEQ with climate resilience. Meanwhile, outdoor urban greening initiatives are 130 

advancing rapidly worldwide, with London’s target of 1.5 million m² of green roofs serving as 131 



7 
 

one illustrative example [15]. Despite growing interest in green design, the contribution of iGI 132 

to improving IEQ has received limited scientific attention. 133 

Table 1 summarises recent publications on indoor greening and related reviews, which differ 134 

widely in focus, ranging from broad conceptual discussions to highly specific analyses of 135 

particular environmental parameters or pollutants. For example, some address urban greenery 136 

and resilient cities [16] or the reliability of subjective IEQ rating scales [17], while others focus 137 

on specific pollutants such as ultrafine particles [19] or examine IAQ within green building 138 

certification systems [26]. Additionally, several related reviews examine the role of indoor 139 

plants and greening systems to IEQ, covering topics like indoor phytoremediation and pollutant 140 

removal [33,37,39], links between indoor plants to health and wellbeing [31,34], and broader 141 

evaluations of green systems such as vertical greening walls and biofilters in relation to air 142 

quality, thermal comfort, and psychological benefits [10,32,36]. Together, these studies 143 

highlight key IEQ dimensions, including health risks, energy efficiency, and social justice, from 144 

diverse yet specialised perspectives. This paper is distinctive in applying the ten-question 145 

framework specifically to iGI, synthesising evidence across technical, microbiological, health, 146 

socio-economic, and place dimensions, providing more powerful interdisciplinary approaches 147 

to address knowledge gaps on iGI, IEQ and climate resilience. 148 

The ten research questions presented in this paper are broadly categorised into five core 149 

thematic clusters (TC), with some questions associated with more than one cluster. As 150 

illustrated in Figure 2 (and described in detail in Table S1), these clusters form a cohesive 151 

framework for understanding iGI, and include:  152 

● TC1-Biophysical and technical performance (assessing impact on IEQ parameters, 153 

HVAC integration, energy efficiency, seasonal performance; Q1, Q2, Q3, Q4, Q5, Q9).  154 

● TC2-Ecological and microbiological dynamics (rewilding microbial communities, 155 

managing mould/bioaerosol risks; Q5, Q6).  156 
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● TC3-Human health and wellbeing (effects on cognition, emotion, physiology, mental 157 

health, thermal sensation, and behavioural change; Q4, Q6, Q7).  158 

● TC4-Equity, access, and socio-economic impact (benefits across social vulnerability 159 

factors; Q8).  160 

● TC5-Implementation and systems integration (existing interventions, engineering 161 

barriers, real-world effectiveness; Q3, Q9, Q10).  162 

Together, these themes represent a logical progression from investigating the fundamental 163 

technical performance of iGI to understanding its broader human, and systemic impact. Lastly, 164 

the paper offers suggestions for future research to accelerate iGI adoption and better understand 165 

the challenges of real-world implementation. 166 

2. Ten questions and their answers on the IEQ and iGI  167 

TC1, 'biophysical and technical performance' (Q1-Q5), addresses the overarching 168 

question: How do plants and the building environment interact to affect each other? The 169 

understanding of these fundamental mechanisms of iGI will provide the essential conceptual 170 

grounding for how different systems function (degree of technological integration and 171 

ecological-mechanical interaction), reflecting the types of interventions and technical 172 

feasibility discussed in Q9. 173 

2.1     Q1. How does iGI impact IEQ? 174 

  Vegetation, indoor and outdoor, can influence the temperature and relative humidity 175 

through evapotranspiration, as well as take up carbon dioxide (CO2), absorb, adsorb or 176 

metabolise a wide range of other gaseous compounds, including ozone (O₃), nitrogen oxides 177 

(NOₓ), sulphur dioxide (SO₂), and volatile organic compounds (VOCs) [10, 44, 45, 46]. 178 

However, empirical studies indicate that at the room scale, these effects are typically modest, 179 

with reported changes in air temperature generally ≤0.5–1.0 °C and relative humidity ≤2–5% 180 

under typical indoor plant densities and ventilation rates, often below perceptual comfort 181 
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thresholds, while CO₂ removal by plants is negligible compared with occupant emissions and 182 

ventilation-driven air exchange [46]. These processes are not static, as diurnal variations in 183 

plant metabolism influence IEQ through daytime photosynthetic CO₂ uptake and nighttime 184 

respiratory release accompanied by altered transpiration rates, effects that are generally 185 

negligible in unoccupied offices but relevant for night-time occupied spaces such as bedrooms. 186 

Species such as Dracaena fragrans, Spathiphyllum wallisii, and Zamioculcas zamiifolia have 187 

been shown to contribute to the reduction of indoor air pollutants under controlled conditions 188 

[44]. Early work carried out by NASA in the late 1980s showed that a rudimentary air cleaning 189 

system combining activated carbon with different low-light-requiring indoor houseplants inside 190 

a sealed 0.44 m3 experimental chamber was able to remove VOCs, including benzene, 191 

formaldehyde and trichloroethylene, from the chamber air [45]. Furthermore, studies have 192 

shown that indoor plants reduce NO₂ concentrations based on chamber experiments, with D. 193 

fragrans showing the highest removal efficiency under illuminated and moist conditions, 194 

indicating their additional potential to mitigate gaseous pollutants indoors [44]. Beyond air 195 

quality, plants may help regulate indoor climate by affecting temperature and humidity 196 

[10,46,47], supporting relative humidity levels in the recommended 40–60 % range that 197 

promotes health and limits mould-growth [48,49].  198 

However, the experimental conditions used for these studies are often unrepresentative of real 199 

indoor environments. In fact, it has been estimated that 10-1000 plants per m2 of floor area 200 

would be needed to compete with the removal of VOCs via typical building ventilation rates 201 

[50]. Selecting plants for specific temperature and humidity conditions can also optimise VOC 202 

removal, given that different plants become more or less effective at VOC removal as 203 

temperature and humidity change [51].  Furthermore, many plants emit VOCs, from leaf 204 

surfaces and from flowers contributing to their distinctive floral scents, which are thought to be 205 

signals within the plant, or to other plants, animals and microbes [52]. The introduction of plant 206 
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species selected for indoors can, therefore, have quite a nuanced effect on the subsequent IAQ, 207 

depending on the plant species and density. 208 

However, the role of iGI in impacting the IEQ at multiple, interrelated levels are context 209 

dependent and sensitive to plant density, species, room volume, ventilation rates, and 210 

background indoor conditions, as plant-driven processes such as evapotranspiration and gas 211 

exchange operate at the scale of leaf surfaces and immediate surroundings, whereas perceived 212 

IEQ reflects room-scale air mixing, heat transfer, and ventilation dynamics. Consequently, 213 

localised cooling or humidification effects may be measurable near planted surfaces but become 214 

increasingly diluted at whole-room scale, particularly in mechanically ventilated or thermally 215 

conditioned spaces [46].. Through the evapotranspiration process, plants have the potential to 216 

improve the relative humidity of the rooms and enhance the thermal comfort, establishing a 217 

more stable microclimate which indirectly mitigates the effects of outdoor environment 218 

fluctuations on IEQ, provided the iGI system is scaled appropriately to the room volume, for 219 

example, an 8 m² active living wall installed in a 340 m³ hall was shown to reduce nearby air 220 

temperature by 0.8-4.8 °C under typical indoor condition[46]. Thereby, iGI, such as green walls, 221 

potted plants, and botanical filtration units, can impact the IEQ through multiple mechanisms: 222 

(1) Plant‐induced increase in RH stabilises the indoor microclimate and reduces the thermal 223 

gradient between indoors and outdoors, thereby dampening the buoyancy-driven component of 224 

natural ventilation and infiltration. A lower indoor–outdoor humidity difference weakens the 225 

stack effect and lessens the influx of outdoor air carrying PM and other pollutants (Kaur et al., 226 

2025). (2) Elevated humidity increases the hygroscopic growth of particles, thereby enhancing 227 

the gravitational settling and deposition of PM [53]. In addition, water vapour from the leavese 228 

along with the complex micro-texture of the leaf surface, providing a substratum for impaction 229 

and interception of PM, enhancing the dry deposition and absorption of PM. Also, the plant 230 

canopy dampens the local air turbulence, reducing the resuspension of dust particles [54–56]. 231 
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(3) Acting as botanical biofilters as active biofilters draw indoor air through the soil substrate, 232 

trapping particles by impaction and filtering the air [57]. (4) Alongside, the phyllospheric and 233 

rhizospheric microbes also contribute to degrading various types of pollutants [58]. (5) Indoor 234 

plant systems, whether active or passive, can affect indoor microbial communities by serving 235 

as living sources and mediators of microbial exchange within built environments (Dockx et al., 236 

2021). (6) Vegetation has also been proposed as a passive means of improving indoor acoustic 237 

comfort. Plants and their growth media can attenuate sound through a combination of reflection, 238 

scattering, absorption, and interference of sound waves, thereby reducing overall noise levels 239 

within interior spaces [59,60]. Table S2 summarises empirical studies that have investigated 240 

these multifaceted impacts of indoor plants on key parameters of IEQ, including air quality, 241 

humidity, temperature regulation, particulate deposition, and acoustic comfort, highlighting the 242 

diversity of plant species, experimental setups, and observed outcomes. These interconnected 243 

strategies collectively enhance the quality of indoor spaces, helping to reinforce overall IEQ 244 

(Figure 3). 245 

Key take-home messages: (i) Indoor greening (iGI) influences IEQ through air quality, 246 

thermal–humidity balance, particulate matter reduction, and acoustic comfort; (ii) Plants 247 

improve IEQ via pollutant absorption and deposition, evapotranspiration, microbial 248 

biofiltration, and sound attenuation; (iii) Effects vary by plant species, density, and 249 

environmental conditions, and spatial scale. 250 

Research gaps: (i) Determining optimal plant density, species selection, and environmental 251 

conditions needed to enhance IEQ through humidity moderation, temperature regulation, 252 

energy reduction, and pollutant removal. (ii) Characterising interactions between plant-induced 253 

humidity and indoor-outdoor air exchange. (iii) Developing mechanistic and predictive models 254 

to assess if and how specific iGI configurations can reliably improve indoor environmental 255 

conditions. 256 
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2.2    Q2. What is the impact of indoor environmental conditions on a plant’s ability to 257 

deliver IEQ improvements?  258 

Delivery of many of the documented benefits of indoor greening, primarily the regulation 259 

of ambient humidity and removal of gaseous pollutants such as CO₂, depends on plants 260 

remaining physiologically active (e.g., taking up pollutants via open stomata) and growing, as 261 

biomass and leaf area determine pollutant uptake rates and people’s perceptions of plants’ 262 

impact on human wellbeing [61,62]. The key limiting factor for indoor plant function is light 263 

intensity [44,63,64]. Plants used in indoor environments are typically species adapted to low-264 

light tropical understorey habitats [65]. However, for many species, typical indoor light levels 265 

(~10 µmol m⁻² s⁻¹) of Photosynthetic Photon Flux Density within the visible spectrum of 400-266 

700 nm [66,67] are lower than the light compensation point (LCP), the threshold at which 267 

photosynthetic CO₂ uptake exceeds respiratory release. For example, Epipremnum aureum and 268 

Ficus repens exhibit LCPs > 40 µmol m⁻² s⁻¹ [66]. Therefore, careful species selection, optimal 269 

positioning relative to light sources (e.g. near windows), and careful selection of supplementary 270 

lighting [68] are essential for plants to thrive. Even with additional light, plants’ physiological 271 

activity indoors in most cases remains lower than outdoors, and substantial plant numbers are 272 

required to achieve room-scale pollutant reduction, where effects are often minimal [69]; see 273 

Section 2.1). Systems such as living pictures, green screens, and walls can increase plant 274 

numbers and CO2 removal without occupying extended floor space [70,71]. In addition, 275 

incorporating active airflow enhances the removal of VOCs [72]. Although other factors, such 276 

as substrate moisture, humidity, and air movement, affect stomatal activity, light remains the 277 

dominant limiting factor for plant function indoors [73]. Plants’ interaction with light is 278 

complex, and additionally, consideration is required to provide light intensity and spectra to 279 

meet both occupants’ and plants’ needs [68].  280 
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Water availability has a strong influence on plant productivity in outdoor systems, but indoor 281 

plant water use is lower, primarily due to reduced light levels (Table 2). This must be considered 282 

when managing potted plants and green installations, as anecdotal evidence suggests that 283 

overwatering is a leading cause of plant decline. In active green wall systems, substrate moisture 284 

and irrigation rate influence airflow through the substrate, microbial composition [74], and, 285 

consequently, the wall’s air-remediation capacity, with lower irrigation rates generally being 286 

more beneficial [74]. Substrate moisture also contributes to the removal of gaseous pollutants, 287 

such as NO₂, which dissolves readily in water. However, soil moisture only becomes limiting 288 

for NO₂ uptake under extremely dry conditions (<10%), meaning that most substrates contain 289 

sufficient water for removal [44]. For CO₂, hydroculture systems achieve markedly higher 290 

removal rates than conventional potting media [75]. Substrate water content also indirectly 291 

affects ambient humidity: chamber experiments show optimally watered plants elevate 292 

humidity [62], but room-scale results are inconsistent, sometimes increasing humidity [69] and 293 

sometimes not [62]. Excess humidity, coupled with low temperature and a reduced vapour-294 

pressure deficit, can in turn lower stomatal conductance and limit plant contributions to IEQ 295 

[62]. 296 

Even when plants are physiologically active and environmental factors are optimised, their 297 

ability to improve IEQ remains strongly dependent on air exchange or ventilation rates (Section 298 

2.3). These rates vary widely and are often poorly characterised, particularly in naturally 299 

ventilated buildings such as typical UK homes. Typical air exchange rates (AER) in UK homes 300 

are approximately 1 h-1, as reported in the foundational indoor air literature [76] and supported 301 

by CO₂-decay measurements from over 300 dwellings. Variability is influenced by external 302 

wind speeds, building fabric (e.g., leaky Victorian vs. airtight modern homes), and occupant 303 

behaviour (e.g., frequency of window opening or extractor use). For instance, effective kitchen 304 

extraction can maintain NO₂ below the WHO 1-h guideline of 200 µg/m³, a standard established 305 
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for outdoor air but commonly used as a reference for indoor cooking emissions [77]. High air 306 

exchange with clean outdoor air can therefore outweigh any plant-mediated improvements and, 307 

where feasible, remains the most effective means of enhancing IEQ. However, the balance 308 

between ventilation and energy efficiency must be carefully assessed [78], supporting the 309 

consideration of indoor greening as a complementary strategy for maintaining healthy indoor 310 

air. 311 

Key take-home messages: (i) Indoor greening effectiveness  predominantly depends on plant 312 

physiological activity, particularly stomatal function and growth; (ii) light availability primarily 313 

limits indoor plant health, with water balance, air movements and nutrients as secondary factors; 314 

(iii) overwatering and inadequate lighting cause plant decline, reducing pollutant-removal and 315 

humidity-regulation benefits; (iv) ventilation rates strongly impact observed IEQ effects, with 316 

high air exchange often negating plant-mediated improvements.  317 

Research gaps: (i) optimising light intensity, humidity, substrate moisture, nutrients, and 318 

airflow to sustain plant physiological activity; (ii) conducting long-term measurements in actual 319 

buildings to quantify plant-mediated IEQ improvements; (iii) evaluating how species selection, 320 

planting density, system design and real-world maintenance practices affect pollutant removal 321 

and humidity regulation, and (iv) assessing the net energy implications of indoor greening 322 

systems, including the electricity demand of supplementary plant lighting relative to any 323 

indirect, system-level energy effects. 324 

2.3    Q3. How does iGI integrated with building heating, ventilation and air conditioning 325 

(HVAC) systems affect IEQ?  326 

 HVAC systems are typically designed to maintain optimum indoor environmental 327 

conditions, prioritising thermal comfort, with some configured to optimise IEQ by also reducing 328 

CO2 levels and filtering PM entrained in the air. A typical consequence of these control systems 329 

is increased building energy use [79]. At present, iGI is a solution that could positively impact 330 
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a HVAC system’s energy efficiency by: (1) reducing thermal loads via air cooling through 331 

evapotranspiration; (2) enabling phytoremediation of indoor air to absorb CO2, thus lowering 332 

fresh air demand; and (3) using biofiltration to remove PM and VOCs from the indoor air in 333 

order to reduce filter loading in the ventilation system [10, 80] (Figure 4). While these potential 334 

benefits are encouraging research on their integration with the design and operation of HVAC 335 

systems is lacking. Both are critical to optimise benefits and trade-offs. Some evidence on the 336 

scale of these impacts and nature of the trades-offs include the following. 337 

Engineered greening systems integrated with HVAC systems provide stronger and more 338 

beneficial impacts than standalone configurations. For example, integrating an active botanical 339 

filter with a saturated growing substrate and a 680 cm2 surface area into a HVAC system’s air 340 

distribution network enhanced the cooling performance of the supply air at the distribution vent 341 

under dynamic conditions, achieving temperature reductions up to 4.2 °C, and a 34.9% increase 342 

in RH with mass air flow rates ranging from 0.016-0.026 kg/s [81]. An indoor 1 m2 green wall 343 

situated in a 15.6 m2 room is capable of balancing 16% of respiratory CO2 and estimated to 344 

supply 1.67% of the ventilation requirements for a single occupant [70]. An active green wall 345 

(AGW) integrated with a HVAC system lowered winter and transition-season temperatures by 346 

1.0-1.4 °C, raised RH by 11-21%, while reducing CO₂ in a 25 m² room [82]. Likewise, a 15 m² 347 

living wall cooled a local 140 m3 office air by 2.5-4.5 °C, reduced CO₂ concentrations by up to 348 

50%, and delivered 20% energy savings (~1400 kWh/year) through lower ventilation 349 

requirements [83]. Extending these findings, EnergyPlus simulations demonstrated that iGI can 350 

cut fresh air demand in a 30 m2 office by 14-39% and reduce energy consumption by 11-28%, 351 

with savings greatest in colder, humid climates [84]. A further dimension comes from 352 

hydroponic farming, where a 100-plant system consisting of two 1.43 m wide frames designed 353 

with ten stacked growing layers containing ten heads of pakchoi in a 30 m² office also reduced 354 
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CO₂ concentrations by 26-34% and decreased energy usage by 13-58%, depending on 355 

occupancy rates and growth stage [85].  356 

Azolla biofilters were found to reduce indoor PM and CO2 concentrations by 40 and 50% 357 

respectively within short exposure times and have the potential for integration into existing 358 

HVAC designs [86]. A case study of a Chinese classroom with a 120 m3 room volume found a 359 

9 m2 AGW with 2.36 ACH removed 42.6 % more PM than a HVAC system supplying 2.5 ACH 360 

with a MERV 13 filter [87]. In most real-world scenarios with full room scale iGI 361 

implementation, as addressed in Q1, the iGI volume required to replace the fresh air supply and 362 

filtration system is unrealistically large, but scope exists to improve HVAC system performance 363 

through iGI integration. For VOC concentrations, a reduction can occur using iGI, but a 364 

decrease in the removal capacity is observed at higher ACHs [88]. Furthermore, the associated 365 

RH increase was also found to have no impact on the presence of mould spores in the summer 366 

(winter conditions were not tested), a common assumption with iGIs [89]. There is also no 367 

indication that the use of active airflow through green walls acting as biofilters leads to 368 

increased bioaerosol concentrations indoors, or breaches WHO guidelines [90]. The key 369 

findings with context, iGI tested and climate regions, including seasonal settings can all be 370 

found in Table S3. 371 

Key take-home messages: Emerging evidence suggests integrating iGI with HVAC systems 372 

enhances energy efficiency and IEQ by reducing thermal loads, decreasing CO2 levels, lowering 373 

fresh air demand and filtering pollutants [36,91]. Engineered greening systems improve IEQ 374 

with air flows over leaves and through substrate. However, evidence gaps remain regarding full 375 

integration and maximising iGI impact. 376 

Research gaps: (i) Energy consumption of active engineered iGI ventilation fans and their IEQ 377 

performance; (ii) how iGi-improved IEQ affects HVAC filtration efficiency and fan energy use 378 
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through reduced filter loading; (iii) Relationships between climate zones, seasons, HVAC 379 

operations and iGI selection on mould growth and bioaerosols [92]; (iv) Optimal iGI placement 380 

by location to minimise energy use and reduce pollutants. Future research should focus 381 

holistically on iGI-HVAC integration, addressing ventilation flows, humidity distribution, and 382 

systematic optimisation of placement, type and area to understand these trade-offs. 383 

2.4      Q4.  How does iGI affect thermal sensation and comfort?  384 

Indoor greening is increasingly examined as a way to influence thermal sensation and 385 

perceived comfort, even where objective indoor conditions remain unchanged. In this question, 386 

“comfort” refers specifically to thermal comfort outcomes, including thermal sensation votes, 387 

thermal acceptability/satisfaction, perceived heat stress, and thermo‑physiological responses 388 

such as skin temperature. Across experimental, field, and simulation studies, evidence shows 389 

that plants, whether potted, in green walls, or as integrated systems, consistently shift subjective 390 

appraisals of the thermal environment in favourable ways. These effects arise from modest 391 

microclimatic regulation (evapotranspiration, humidity moderation) and stronger visual and 392 

psychological pathways linked to biophilia (Figure 5). Broader psychological wellbeing 393 

outcomes (e.g., mood, stress restoration, cognition/productivity, social connectedness) are 394 

synthesised separately in Q7 to maintain a clear separation between thermal comfort as an IEQ 395 

performance endpoint and wider wellbeing or behavioural outcomes. 396 

Controlled experiments provide some of the clearest evidence. In an Indian open-plan 397 

classroom, participants exposed to eight potted plants reported cooler thermal sensation (TSV; 398 

a self-reported index of perceived warmth or coolness on the ASHRAE 7-point scale ranging 399 

from −3 = cold to +3 = hot) by 0.42 scale points which can be interpreted as roughly the 400 

perceptual equivalent of ~1 °C in operative temperature while thermal satisfaction remained 401 

stable over the session; by contrast, the no‑plant group’s satisfaction declined and their thermal 402 

sensation drifted warmer. These differences occurred despite comparable measured indoor 403 
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conditions (i.e., air temperature and relative humidity were maintained within similar bounds 404 

across plants and no‑plant sessions) [93]. In a laboratory study manipulating indoor green wall 405 

“dose” using Green View Index (GVI), Ma et al. found that thermal comfort increased with 406 

greater visual greenery (GVI 0%, 5%, 15%), with mean thermal comfort vote changes of +0.02, 407 

+0.25, and +0.44 relative to pre-trial conditions; however, because only three discrete doses 408 

were tested, the form of the relationship (linear vs saturation) beyond 15% GVI remains 409 

unknown [94]. A hydroponic living wall lowered occupant thermal sensation by up to 0.70 TSV 410 

(thermal sensation vote) at 24.5 °C (interpreted as 2.2 °C perceived cooling), increased comfort 411 

votes, flattened the TSV-temperature slopes, and narrowed gender-related comfort differences 412 

[95].  413 

Taken together, these occupant responses indicate that indoor greening can widen the range of 414 

temperatures judged acceptable and comfortable, enabling people to tolerate warmer cooling 415 

setpoints; corresponding HVAC implications have therefore been modelled suggesting 7-9% 416 

energy savings when setpoints are raised within the expanded acceptability range [95]. 417 

Similarly, immersive virtual reality (VR) showed that, at SET* 30 °C under identical measured 418 

chamber conditions, viewing a biophilic office reduced perceived heat stress by 1.6 °C 419 

(psychological cooling), underscoring the importance of visual cues [96]. Overall, these 420 

findings imply that indoor greening can sustain comfort at higher setpoints, with the potential 421 

for meaningful reductions in cooling energy use. A comparative summary of these and related 422 

studies, including interventions, methods, and comfort outcomes, is provided in Table 3. 423 

Field and seasonal studies extend these findings to real workplaces, consistently showing 424 

benefits in perceived comfort and acceptability. In a four-season quasi-experiment in the 425 

Netherlands, office workers exposed to substantial indoor planting were nearly twice as likely 426 

to report being thermally comfortable, an effect observed across seasons (including winter) and 427 

under adjusted setpoints [97]. In Warsaw offices, thermal sensation votes largely remained 428 
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neutral, yet thermal acceptability rose to 96% following the installation of green walls, 429 

alongside improved perceptions of humidity and air freshness [98]. Similarly, a multi-site Dutch 430 

field study found that indoor plants significantly reduced complaints about dry air, while a 431 

binary indicator of being “too hot and/or too cold” was unchanged, indicating that office 432 

greening mainly improves perceived acceptability and dryness-related comfort rather than 433 

shifting temperature sensation per see [104]. These occupant-reported outcomes are supported 434 

by measured field evidence showing that indoor plants can modestly increase indoor humidity 435 

particularly under dry seasonals, while measured air temperature is minimally affected [62,69].  436 

Laboratory studies integrating greening with HVAC systems report occupant-centred 437 

improvements with higher perceived thermal comfort, thermal sensation shifting toward neutral, 438 

and physiological responses moving closer to thermal neutrality, supported by measured 439 

microclimatic changes. In Liu & Meng [99], participants in the living wall-ventilation room 440 

reported and higher thermal comfort (+0.53 scale points), with thermal sensation shifting from 441 

slightly warm toward near-neutral and mean skin temperatures closer to thermal neutrality [99]; 442 

measured indoor air temperature decreased by 1.45 °C and relative humidity increased by 19.1% 443 

compared with a sealed control room. In winter, humidity rose by 10.8%, thermal sensation 444 

shifted toward neutral, and comfort improved by +1.1 scale points when a 2 m² living wall was 445 

paired with a split air conditioner in a 25 m3 room/office [100]. Liu et al. (2025) extended this 446 

to annual testing: an active plant wall stabilised temperature and humidity across seasons, 447 

maintained mean skin temperature near the neutral 33.2 °C, and sustained “slightly comfortable” 448 

votes across seasons [82]. 449 

Simulation studies extend these experimental patterns by quantifying the coupled sensible–450 

latent impacts of indoor greening at building scale. An EnergyPlus module was developed to 451 

capture evapotranspiration, convection, and radiation from living walls, predicting sensible 452 

cooling reductions of 9-14% at 30% leaf-to-floor ratios, while supporting comfortable indoor 453 
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conditions [101]. However, the same evapotranspiration increases latent loads, meaning 454 

humidity control becomes a prerequisite for net energy benefit. This trade-off aligns with 455 

broader evidence that indoor greening improves comfort through biophysical mechanisms 456 

(evapotranspiration) and psychological pathways, though care is needed to avoid over-457 

humidification [47]. 458 

Evidence at residential scales supports both the physical and perceptual comfort pathways. In a 459 

tropical apartment, balcony potted plants lowered adjacent indoor air temperature by up to 460 

2.3 °C under comparable solar conditions, directly lowering heat stress and improving thermal 461 

comfort via combined shading, evapotranspiration, and surface buffering [102], though 462 

accompanied by higher RH that can offset comfort if unmanaged. Complementing these 463 

physical effects, immersive VR results suggest biophilic interiors accelerate stress recovery, 464 

indicating an added psychological contribution to comfort beyond microclimate alone [103], 465 

with these broader restorative mechanisms discussed in detail in Q7. 466 

Key take-home messages: (i) indoor greening can enhance thermal comfort  even when 467 

measured temperature changes are small; (ii) comfort benefits occur primarily through 468 

perceptual and psychological mechanisms, with modest humidity regulation and limited 469 

evaporative cooling; (iii) Positive effects are reported across climates, seasons, and building 470 

types, but show clear scale and visibility dependence, limiting direct extrapolation from small 471 

demonstrators; (iv) primary systems implication is that iGI can widen thermal acceptability 472 
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ranges, enabling adaptive temperature setpoints strategies where humidity is appropriately 473 

managed. 474 

Research gaps remain on: (i) longer-term trials with diverse populations beyond student 475 

samples, accounting for novelty and expectation effects; (ii) integration of physiological 476 

measures (skin temperature, HRV) with subjective responses, and local microclimate 477 

(including MRT/air movement); (iii) large-scale field trials linking iGI–HVAC operation to 478 

perceived thermal comfort; (iv) systematic comparisons of plant species, densities, layouts and 479 

visual “dose” to identify scaling or saturation effects; and (v) trade-offs, including over-480 

humidification, allergen/bioaerosol exposure, and performance decay over time. Addressing 481 

these will advance indoor greening from demonstrations to evidence-based comfort and energy 482 

strategies. 483 

TC2, “ecological and microbiological dynamics” (Q5, Q6), addresses the overarching question: 484 

how does indoor greening interact with indoor microbial communities, and what are the 485 

implications for microbial rewilding, air hygiene, and the management of mould and bioaerosol 486 

risks? 487 

2.5     Q5. How can advanced technologies integrated with iGI predict and maintain IEQ 488 

while reducing dampness and health risks of exposure to bioaerosols?  489 

Recent technological progress has allowed iGI to evolve from a passive design feature 490 

into an active, cyber-physical system capable of predicting and managing IEQ. Building upon 491 

the physiological and perceptual mechanisms outlined in earlier sections, this question 492 

examines how data-driven advanced technologies can anticipate and control fluctuations in 493 

humidity and bioaerosol load, thereby reducing dampness-related risks and safeguarding 494 

occupant health in indoor environments. To map this advanced technological landscape, Table 495 

S4 summarises three overarching layers: (i) Smart Sensing & IoT-Based Monitoring, (ii) AI & 496 
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Digital-Twin Analytics, and (iii) Intelligent & Hybrid Environmental Control Systems, together 497 

with representative studies. Figure 6 illustrates the conceptual integrated feedback framework 498 

of intelligent iGI systems, where IoT-based sensing, AI analytics, and adaptive control interact 499 

to maintain optimal IEQ by minimising bioaerosols and dampness, also highlighting key 500 

challenges that constrain large-scale implementation of self-regulating iGI technologies. 501 

Advances in the Internet of Things (IoT) have enabled continuous, high-resolution observation 502 

of iGI-indoor interactions. Distributed, low-cost networks now measure CO₂, VOCs, ozone, 503 

particulate matter, temperature, and humidity, alongside plant indicators such as leaf-surface 504 

temperature and substrate moisture [105–107]. These variables are vital for identifying 505 

microbial infestation thresholds: the WHO and multiple studies confirm RH > 60 % is 506 

consistently linked to mould growth and dampness symptoms [108,109]. IoT-instrumented 507 

living-wall experiments in two climate-controlled rooms (each 20-25 m² floor area; wall 508 

modules ≈ 2.5 m × 2 m) showed 10-15 % RH increases linked to evapotranspiration and CO₂ 509 

uptake gradients of 50-150 ppm, trackable in real time [110]. Modern IoT frameworks with fog 510 

gateways, which locally process data before cloud transmission, support predictive modelling 511 

and early-warning dashboards while reducing latency and bandwidth demand. Optical and 512 

DNA-based bioaerosol sensors are emerging to detect microbial activity near biofilters, adding 513 

a hygienic dimension to IEQ metrics [111]. 514 

Translating monitoring into predictive management can be addressed using physics-based and 515 

empirical engineering models derived from first-principles formulations. Data-driven methods, 516 

including artificial intelligence and machine learning, may be used as complementary tools to 517 

represent nonlinear interactions among plant physiology, occupancy, and ventilation dynamics 518 

where system complexity or data volume limits purely mechanistic approaches. ML models 519 

trained on multi-sensor datasets achieve >85% accuracy in predicting mould-growth potential 520 

from humidity and temperature inputs [112]. In iGI contexts, such analytics distinguish 521 
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beneficial humidity moderation (a 10–15% RH increase that improves freshness) from 522 

excessive moisture (> 60% RH) that raises microbial risk [62]. Broader AI applications forecast 523 

CO₂ (mean error < 50 ppm), VOC evolution, and adaptive ventilation strategies [113]. Coupled 524 

with iGI sensor data, soil moisture, photosynthetically active radiation, or leaf temperature, 525 

these models infer evapotranspiration rates and locate potential condensation zones, enabling 526 

proactive IEQ control. AI-driven frameworks enhance prediction but often rely on correlations 527 

rather than causation, posing equity risks if underlying data are biased [114]. Incorporating 528 

causal reasoning and transparent methodologies is crucial to avoid perpetuating existing 529 

disparities. In practice, this involves developing expert-informed, mechanistic causal models at 530 

the outset to define plausible cause–effect relationships, which can then guide and constrain AI-531 

based analyses in an interpretable and physically meaningful way. 532 

Digital-twin (DT) technology extends this predictive capability by constructing dynamic virtual 533 

replicas of iGI-building systems continuously updated with sensor data [115]. Experimental 534 

and office-scale studies have demonstrated that indoor vegetation integrated within typical 535 

room-scale environments contributes to CO₂ uptake, VOC removal, and indoor humidity 536 

regulation [41,64,116]. These parameters feed DTs to simulate pollutant fluxes, moisture 537 

dynamics, and microbial risk under variable occupancy and weather. Scenario testing, such as 538 

winter low-light limitation or summer RH > 70% extremes, supports countermeasures including 539 

supplemental lighting or targeted dehumidification [117], reducing dampness and bioaerosol 540 

risk. DT prototypes for hydroponic and aquaponic walls confirm the feasibility of linking 541 

biological performance with predictive microbial risk [118,119]. 542 

The third layer embodies smart automated control, translating predictive insights into self-543 

regulating environmental responses. Integrating sensor feedback and AI predictions with 544 

HVAC, variable-air-volume diffusers, adaptive irrigation, and dehumidification units, these 545 

systems autonomously maintain optimal IEQ [120,121]. When humidity spikes, the system 546 
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triggers zonal dehumidification or adjusts irrigation rates, achieving up to 40 % faster recovery 547 

than manual operation. Active green walls with embedded fans and moisture-feedback 548 

irrigation keep RH within ±3 % of target, preserving plant health and preventing condensation. 549 

In recent real-building applications, IoT-linked modules self-activate when bioaerosol or VOC 550 

levels rise, integrating with energy-recovery ventilation to maintain thermal and latent-load 551 

balance and reduce HVAC energy demand by 15–25% [122]. 552 

Key take-home messages: (i) advanced technologies transform iGI into a responsive ecological 553 

interface between plants, occupants, and indoor environments. Smart sensors and IoT networks 554 

detect environmental and microbial changes, while AI and digital twins predict issues and 555 

optimise responses; (ii) automated control systems integrate with HVAC, irrigation, and 556 

filtration to maintain stable conditions that improve health, comfort, energy performance and 557 

reduce microbial risk; (iii) future research should emphasise long-term field validation, data 558 

standardisation, and air hygiene monitoring. 559 

Research gaps: (i) sensor drift and reliability issues reduce data precision, with RH offsets 560 

masking subtle iGI effects and VOC sensors lacking long-term accuracy; (ii) AI models fail 561 

across different climates or building types without retraining; (iii) high cost and low awareness 562 

limit advanced sensing and automation adoption in typical homes; (iv) poor data 563 

interoperability between IoT platforms restricts  building-management system integration; (v) 564 

absence of policies and standards for IEQ monitoring and microbial-risk control slows large-565 

scale implementation.  566 

2.6    Q6.  Can iGI contribute to rewilding the indoor microbial ecosystems and thereby 567 

promote human health?  568 

Indoor environments have become the dominant human habitat [1], yet their ecological 569 

dynamics remain poorly understood. Existing evidence indicates that microbial diversity indoors 570 
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is markedly reduced compared to natural outdoor environments [28,123] and that such 571 

diminished exposure to diverse and complex microbial communities has been associated with a 572 

higher prevalence of acute and chronic health conditions worldwide, including obesity, asthma, 573 

autoimmune disorders, juvenile (type 1) diabetes and autism [124–126]. These relationships are 574 

largely correlational and causal links remain unestablished. While the underlying mechanisms 575 

remain incompletely understood, this section adopts a critical, hypothesis-driven perspective to 576 

examine whether indoor plants may contribute to changes in the composition and diversity of 577 

microbial communities in built environments [13,28,127,128] (Figure 7). In turn, whether these 578 

have health benefits needs to be investigated.  579 

Indoor environments host a dynamic microbial world [129] of bacteria, fungi, viruses, and other 580 

microorganisms [130]. Some enter passively, while others actively adapt to indoor niches with 581 

unique chemical and physical conditions [129]. Research on indoor microbial habitats is still 582 

very new [131], and there is no clear definition of a “healthy” indoor microbiome due to its 583 

complexity and many influencing factors [132]. We do know that a “core” indoor microbiome 584 

has been identified across most spaces [133,134], with its composition largely associated with 585 

human occupant density and activity [135,136]. Animals (pets and pests) contribute through skin, 586 

hair, faeces, and saliva [129,137], and taxa such as dust mites and cockroaches are well 587 

established sources of indoor allergens [138]. Environmental microbes also enter via vectors 588 

including people, pets, air systems, and plumbing [139–141]. Cultural and environmental factors, 589 

lifestyle, hygiene norms, selective breeding, building form, materials, and technology, have all 590 

been associated with variations in microbial diversity and persistence indoors [123,134,135].  591 

Plants harbor a diverse community of symbiotic microorganisms [142], many of which are 592 

regarded as neutral or potentially beneficial to human health [143]: (1) Indoor plant surfaces, 593 

largely unaffected by chemical cleaning, may support localized microbial ecosystems [144]; (2) 594 

Indoor plants have been proposed to act as reservoirs of microbial diversity, stabilizing 595 
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ecosystems through their resilience to biotic and abiotic stressors. Dockx et al. (2022) found that 596 

interiors with more plants had fewer human-associated bacteria and a greater share of 597 

environmentally derived taxa, indicating an association between indoor vegetation and altered 598 

microbial community composition [127]. This diversification has been hypothesised as a key 599 

strategy for mitigating pathogens by increasing competition for the same resources [13,128]; (3) 600 

Plants actively exchange microbes with symbionts and their environment [145], including 601 

interactions with indoor biological contaminants such as pollen. Soil-rhizosphere and air-602 

phyllosphere interactions exemplify the dynamic exchange of microorganisms within plant-603 

associated environments [144,146], while pollen and seeds act as vectors of microbial dispersal 604 

[147,148]. Consequently, closely related taxa are found across distinct microbiomes, including 605 

soil, plant surfaces, and even human skin [149,150]. Indoor vegetation has also been proposed 606 

as a botanical biofilter, with experimental studies suggesting that air drawn through the soil 607 

substrate can facilitate processing by rhizosphere and phyllosphere microbes [57,58]. 608 

While these opportunities highlight significant potential, they also expose knowledge gaps that 609 

warrant further empirical investigation [128]. Few studies have addressed the potential 610 

contribution of iGIs to diversify the indoor microbiome (Table S5). Evidence suggests an 611 

influence on microbial communities, while causality and health relevance remain uncertain. 612 

Future research should deepen our understanding of how biodiversity interventions shape 613 

airborne and phyllosphere microbiomes, and how targeted microbial taxa (such as anti-614 

inflammatory health-associated bacteria) may influence human microbial communities [151]. 615 

Particular attention is needed to clarify the ability of plant-associated microbial communities to 616 

maintain their diversity under prolonged indoor conditions, together with the dynamics of 617 

species-specific microbiomes, including their overlap, interactions with other indoor microbial 618 

assemblages, and potential influence on ecosystem functioning. Until such evidence is available, 619 

health-related claims remain exploratory. Risks should also be carefully assessed: although 620 
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common houseplants in moderate numbers present limited allergenic effects [142], extensive 621 

vegetation in disturbed or poorly managed soils may promote opportunistic or pathogenic taxa, 622 

as these environments often support fewer beneficial symbionts and more plant pathogens [152].  623 

Key take-home messages: (i) Plants maintain ecological connections with their environment 624 

through continuous microbial exchange. (ii) plants host diverse microbial communities that are 625 

mostly neutral or beneficial to human health, with few pathogens. (iii) plants function as 626 

microbial hubs, supporting stable localised microbial ecosystems. 627 

Research gaps remain on: (i) Whether plant-associated microbial communities maintain 628 

diversity and functionality under prolonged indoor conditions. (ii) composition, overlap, and 629 

interactions of species-specific plant microbiomes with other indoor microbial assemblages. (iii) 630 

how plant-associated microbes contribute to indoor ecosystem stability and resilience. (iv) how 631 

specific plant-associated microbial taxa can reduce human health risks. (v) potential risks from 632 

introducing vegetation or soils, including allergenic impacts. 633 

TC3, 'human health and wellbeing' (Q7, Q4), addresses the overarching question: How does 634 

iGI directly influence the health, well-being, and performance of people indoors? 635 

2.7     Q7. How does iGI affect building user/resident cognition, emotion, physiology, and 636 

overall health and wellbeing?  637 

Architecture must move beyond regulating parameters such as temperature and 638 

humidity, adopting a holistic approach that includes physical, cognitive, and social dimensions 639 

of well-being. The UK Government’s Foresight project identified five key actions for 640 

promoting well-being - connecting with others, being physically active, staying mindful, 641 

learning, and giving, which align with architectural strategies that encourage social interaction 642 

and mental engagement [153]. However, the focus on energy efficiency after the 1970s oil crisis 643 

led to sealed buildings that limited natural light and ventilation, reducing indoor air quality and 644 
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contributing to sick building syndrome (SBS), a condition associated with discomfort, reduced 645 

productivity, and increased healthcare costs [153,154]. 646 

iGI, understood as the incorporation of natural elements and biophilic principles (such as potted 647 

plants and indoor green walls) within built spaces, has emerged as a potential strategy for 648 

enhancing productivity, mental health, and overall well-being [154–156]. Its benefits are 649 

underpinned by two complementary mechanisms: physiological improvements in IEQ (see Q1–650 

Q4) and psychological restoration, defined as the recovery from stress and mental fatigue [157]. 651 

Accordingly, Q7 focuses on non-thermal human outcomes associated with indoor greening, 652 

cognitive performance, affective responses (e.g., stress and mood), physiological stress markers 653 

(e.g., heart rate, cortisol, EEG/EDA where reported), and behavioural interaction with space, 654 

drawing on restorative and biophilic theories. Thermal sensation/acceptability outcomes and 655 

thermostat/setpoint implications are addressed in Q4 to avoid conflating distinct measurement 656 

frameworks and design implications.  657 

Psychological restoration is guided by two main theories. Stress Reduction Theory suggests 658 

that seeing unthreatening nature elicits an effective response, which allows for the recovery of 659 

psychological and physiological functions related to arousal [158].  Attention Restoration 660 

Theory suggests that nature requires effortless attention, allowing the directed attention 661 

resources, needed for concentration, to rest and restore [159,160].   662 

Recent conceptual work by Altomonte et al. (2024) further extends these theoretical models by 663 

situating restorative and affective responses within a broader temporal and multidimensional 664 

framework of wellbeing [161], distinguishing short-term physiological and psychological 665 

recovery from longer-term cognitive, behavioural, and social adaptations within the built 666 

environment [161]. Building on these theoretical mechanisms, empirical studies have explored 667 

how iGI influences health and well-being in residential, workplace, educational, and care 668 
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environments (Table S6). Reported outcomes are generally classified into cognitive, affective, 669 

and physiological domains. Figure 8 synthesises the current evidence, illustrating the main 670 

cognitive, affective, and physiological pathways through which indoor greening contributes to 671 

psychological restoration, productivity, and wellbeing. Overall, current evidence shows modest 672 

benefits for mood, productivity, and physiological relaxation across diverse settings. 673 

With respect to the cognitive domain, meta-analyses indicate modest t gains in students’ 674 

academic performance and response times, following exposure to iGI environments when 675 

compared with conventional indoor settings lacking natural elements [34]. Nevertheless, 676 

systematic reviews associate iGI with enhanced productivity and perceived performance 677 

[41,162]. With respect to the affective domain, experimental studies have shown that visual 678 

exposure to natural elements can evoke calmer physiological responses and positive emotional 679 

states, including stress reduction. These findings suggest that the direct proximity of plants can 680 

produce small, but statistically reliable effects on sick leave [162]. Direct contact with plants, 681 

flowers, and natural materials such as wood has been associated with reduces anxiety and 682 

increased perceptions of calm, safety, and comfort [155,163]. These spaces have been linked to 683 

perceptions of emotional attachment and connectedness between users and their surroundings 684 

[164], this suggests that indoor greenery may play a supportive role, beyond aesthetic 685 

considerations, in shaping occupants’ psychological experiences, including aspects of well-686 

being, perceived productivity, and quality of life. Physiological evidence reinforces these 687 

findings, as iGI exposure is associated with lower heart rate, decreased cortisol, and higher 688 

alpha brain activity [40,165–167]. Combined, these results suggest that indoor greenery 689 

mitigates stress and enhances emotional stability. 690 

Researchers have increasingly combined psychological and behavioural approaches to capture 691 

how users perceive and interact with indoor greenery. Qualitative methods such as interviews, 692 

focus groups, and photovoice offer insights into emotional and perceptual responses [168–170]. 693 
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Standardised frameworks, such as COM-B, further illustrate how iGI influences perceptions of 694 

capability, opportunity, and motivation [171], while observational tools like MOHAWK enable 695 

the systematic analysis of user-environment interactions in real settings [3]. Together, these 696 

complementary approaches provide a richer understanding of iGI impacts by connecting 697 

subjective experiences with observable behaviour. 698 

Key take-home messages: (i) Indoor greening may enhance cognitive, emotional, and 699 

physiological health and well-being; (ii) effects arise from physiological IEQ improvements 700 

and psychological restoration; (iii) Evidence shows modest gains in mood, productivity, and 701 

relaxation across settings, though stronger proof is needed; (iv) Visual and tactile contact with 702 

plants promotes emotional stability, social connection and belonging. 703 

Research gaps remain on: (i) long-term assessments of iGI effects on productivity, mental 704 

health, and well-being, including how benefits change over time; (ii) studies across diverse 705 

cultural, climatic, and socio-economic contexts beyond labs or single cases; (iii) systematic 706 

exploration of multisensory biophilic exposure - visual, tactile, olfactory, and acoustic - in 707 

indoor and semi-outdoor settings; (iv) comprehensive cost-benefit analyses to inform large-708 

scale implementation and policy; (v) in-depth study of semi-outdoor spaces’ impact on comfort 709 

and social interaction; (vi) integration of environmental justice perspectives to ensure equitable 710 

iGI benefits for vulnerable groups. Addressing these gaps will expand biophilic design’s 711 

applicability, reinforce its evidence base, and consolidate architecture’s role in health, well-712 

being, and equity. 713 

TC4, ‘Equity, access, and socio-economic impact’ (Q8), addresses the overarching question:  714 

What evidence exists for using iGI to improve IEQ among socially vulnerable groups? 715 

2.8 Q8. How might iGI improve IEQ for socially vulnerable groups facing disadvantages 716 
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(low income, poor quality of housing, crowding)?  717 

Social vulnerability factors can result in stress, isolation, and exposure to poor IEQ [172] 718 

through structural inequities including poorly maintained residential, work, education and 719 

healthcare settings, presence of hazardous materials (e.g., asbestos and formaldehyde), 720 

proximity to outdoor pollution, use of indoor solid fuel stoves, or containing animal frass, 721 

dampness, mould, or over-crowding [173–177], leading to excess exposures to indoor VOCs, 722 

carbon dioxide, carbon monoxide, and particulate matter. Socioeconomic status, racial or ethnic 723 

discrimination, disability, and advanced age may also limit the availability and quality of 724 

HVAC, where limited air exchange may contribute to excess indoor pollutants exposure 725 

[173,174,178].   726 

iGI has the potential to modify the relationship between IEQ and social vulnerability factors 727 

(Table S7). Previous research on indoor greening has mainly demonstrate that iGI can 728 

affordably enhance air quality, humidity balance, and psychological comfort (see Q1–Q5; 729 

[179]). Studies examining iGI in socially vulnerable or low-income populations remain scarce 730 

[180] but suggest potential benefits. A recent review found that plants in post-operative settings 731 

reduced anxiety, stress and improved recovery [36]. Greening solutions co-created with 732 

residents and nursing staff, incorporating building physics data, were tested in the context of 733 

individualised approaches to improved comfort [181]. Resident interviews suggested a positive 734 

effect of greening on well-being, although this perception was not substantiated by measures of 735 

indoor air quality. A review of the relationship between greening and well-being highlighted 736 

that patients in healthcare facilities experienced improved psychological and physiological 737 

conditions, including enhanced cognition [29]. A survey of older adults revealed preferences 738 

for gardens (both indoor and outdoor), green walls/vertical gardens, and air-purifying 739 

vegetation, while finding iGI features less effective than lighting or ventilation for evoking 740 

natural environments. [174]. Study participants designated as socioeconomically vulnerable 741 



32 
 

showed a significant preference for vertical gardens. Tomkins et al. (2019) demonstrate how 742 

home and community gardens enhanced wellness in a Syrian refugee camp situated in northern 743 

Iraq [182]. Planting directly outside tents, including green walls, provided badly needed cooling 744 

in tents that otherwise exceeded 50℃. With a highly vulnerable population lacking the means 745 

to earn their own money or autonomy over day-to-day decisions, gardens constructed alongside 746 

tents, on streets, and in common areas provided a sense of placemaking and resilience to many 747 

refugees, while other refugees rejected gardens as a sign of permanent acceptance of refugee 748 

status. These results underscore that vulnerable populations, like any other, hold a range of 749 

experiences and opinions. 750 

Key take home messages: (i) socially vulnerable groups often face poorer IEQ due to low-751 

quality housing, inadequate ventilation, and pollutant exposure; (ii) iGI offers affordable, small-752 

scale interventions to improve thermal comfort, air quality, and psychological well-being; (iii) 753 

effectiveness depends on environmental factors like light, temperature, ventilation, and 754 

community involvement in design and upkeep; (iv) beyond physical benefits, iGI supports 755 

placemaking, emotional resilience, and social cohesion; (v) evidence is limited, underscoring 756 

the need for community-based research to ensure equitable, context-sensitive implementation. 757 

Research gaps remain on: (i) understanding how iGI modifies exposure-response pathways 758 

between indoor pollutants, thermal stress, and health across different socioeconomic and 759 

demographic groups; (ii) conducting long-term, community-based field studies in diverse 760 

housing and climates; (iii) evaluating accessibility, affordability, and maintenance requirements 761 

of iGI for vulnerable users; (iv) integrating participatory design and behavioural research to 762 

ensure culturally appropriate, equitable implementation.            763 

TC5, 'implementation and systems integration' (Q9, Q10, Q3), addresses the overarching 764 
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question: What are the real-world barriers and solutions for implementing iGI at scale?  765 

2.9     Q9. What types of iGI physical interventions currently exist for IEQ, and for what 766 

specific purposes are they implemented? 767 

iGI are commonly placed indoors in living and working spaces, providing multifaceted 768 

benefits that encompass a continuum of interventions ranging from small plantings to large 769 

greenery and engineered infrastructures. Previous questions (Q2-Q4) have demonstrated the 770 

effects of indoor plants on IEQ and reduction of building energy consumption; however, 771 

research that systematically frames, categorises, and contextualises currently available iGI 772 

physical interventions remains scarce. Accordingly, this section adopts a framework-oriented 773 

perspective, focusing on how different iGI typologies are conceptually positioned, the 774 

functional purposes they are designed to serve, and how their degree of technological 775 

integration governs their interaction with indoor environmental processes. This approach 776 

provides a consistent structural basis for interpreting performance evidence discussed 777 

elsewhere in the review and avoids repetition of results presented in earlier questions. The 778 

classification of green systems typologies often follows several criteria, including plant species 779 

(function distinctively to provide diverse benefits), planting mobility, and growing media. 780 

However, for comparability on iGI operating within buildings (based on installation and 781 

maintenance requirements), we proposed to group current typologies according to their degree 782 

of technological integration and the mode of ecological-mechanical interaction with the indoor 783 

environment (See Figure 1): (1) passive planting (self-contained and non-engineered plants, i.e. 784 

potted plants and hanging plants); (2) vertical greenery (passive and vertically integrated 785 

systems, i.e. green façades and green wall); (3) aquatic systems (plants with visible water 786 

features, i.e. aquaponic walls and decorative water gardens); (4) hydroponic system (engineered 787 

water–nutrient circulation, i.e. vertical farming and recirculating hydroponic); (5) hybrid 788 

interventions (plants with active airflow or filtration, i.e. active botanical biofilters) and (6) 789 
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space-scale planting (large and spatially integrated greenery, i.e. balcony planter and floor-790 

integrated systems). Each of these interventions is often deployed with overlapping goals that 791 

aim to achieve an optimisation in IEQ and human well-being [183]. In addition to the above 792 

benefits, the appropriate use of iGI design can reduce HVAC load and energy consumption (Q3) 793 

[184]. Therefore, comprehensively investigating iGI physical interventions types warrants 794 

greater attention to achieve healthy and sustainable buildings. 795 

From a typological and deployment perspective, the degree of empirical evidence available for 796 

different iGI interventions reflects their maturity and practical feasibility rather than direct 797 

performance ranking. Among iGI interventions, field evidence is greatest for passive and semi-798 

active typologies (e.g., green walls, balcony planters); conversely, aquatic plants and 799 

hydroponic systems remain under-evaluated (Figure 9). While active botanical biofilters 800 

achieve impactful IEQ optimisation, their technologically capable, practical integration and 801 

maintainability remain complex [185]. For instance, moisture management, substrate and 802 

filter/pump maintenance to ensure the persistence of healthy plants, and the continuous 803 

monitoring of associated microbial communities to avoid performance drift [186,187]. 804 

Hydroponic and aquatic systems also require high initial cost and maintenance requirements 805 

[188], (i.e. electrical conductivity/pH control). The ease of maintenance for space-scale planting 806 

and passive green walls with vascular plants is moderate, requiring dependable irrigation and 807 

fertilisation (e.g. fertigation), proper indoor climate conditions, etc (see Q10). Conversely, 808 

passive planting and passive green walls with non-vascular plants (i.e mosses and liverworts), 809 

have the lowest complexity for general maintenance [189], including routine 810 

watering/fertilising, and occasional pruning or repotting.  811 

Table 4 extends the scope of previous questions (Q1-Q4) by discussing IEQ benefits of iGI 812 

from the macro perspective. This table provides an overview of related studies, outlining the 813 

effectiveness and main purposes of the proposed classification of iGI typologies, and their 814 
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degree of maturity levels available. Further details related to their separate benefits and maturity 815 

levels are described in Section S1. These studies (Figure S1) concluded that, (i) a substantial 816 

literature has focused on iGI’s air quality improvements; (ii) active botanical biofilters show 817 

the most robust IAQ optimisation (VOCs, PM, CO2) relative to other iGI under forced airflow; 818 

(iii) large vertical greenery can reduce PM concentrations and noise; (iv) hydroponics system 819 

with high photosynthetic leaf-area and adequate lighting deliver measurable local CO2 820 

reductions; (v) thermal/humidity regulation of iGI is modest, but integrating with HVAC can 821 

maximise their impact (Q3 and Q4); (vi) field evidence on aquatic and hydroponic systems 822 

indoors are limited; (vii) and space-scale planting can provide a shading effect to mitigate heat 823 

(Q4 and Q8) and alter incoming airflow.  824 

Key take home messages includes: (i) A mature iGI typology exists, but lacks a comprehensive 825 

classification of available interventions; (ii) active botanical biofilters offer the highest IAQ 826 

improvements (PM and VOCs removal), while passive green walls provide similar air filtration 827 

plus sound absorption benefits; (iii) thermal and humidity regulation effects are modest but can 828 

yield energy and IEQ co-benefits when combined with HVAC; (iv) efficacy depends on factors 829 

such as species, substrate, planting volume, ventilation, lighting and maintenance.  830 

Research gaps remain on: (i) validating findings in actual buildings and across spatial scales; 831 

(ii) addressing maintenance burdens and performance decline over time; (iii) exploring aquatic 832 

plants and hydroponic systems; (iv) assessing IEQ benefits, which may be negligible without 833 

substantial planting affecting room-level concentrations. Future work should prioritise 834 

standardised, in-situ trials across building types, quantify impacts at room and building scales 835 

under realistic ventilation, evaluate seasonality, maintenance, microbiological safety, and cost-836 

effectiveness to inform scalable adoption. Studies should examine real-world plant care and 837 

whether more or denser iGI can effectively lower pollutants and be practical to maintain. 838 
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2.10   Q10.  What are the major engineering barriers to deploying indoor greening?  839 

Engineering and operational barriers remain key obstacles to the widespread deployment 840 

of iGI systems. Despite their demonstrated environmental and wellbeing benefits, 841 

implementation is often hindered by technical complexity, structural limitations, and the 842 

absence of clear design and maintenance standards. Together, they contribute to uncertainty 843 

and reluctance among owners and facility managers to adopt iGI, as the engineering 844 

requirements for safe integration, reliable operation, and long-term maintenance are often 845 

complex and poorly defined [47,198]. Evidence from previous studies shows that such 846 

challenges cut across design, installation, and long-term operation are further compounded by 847 

building-type specific constraints (Table S8). 848 

Structural and spatial limitations constrain the retrofitting of iGI systems into existing buildings, 849 

where limited load-bearing capacity, insufficient wall or floor space, and lack of integrated 850 

drainage pathways are common challenges [47,199]. Multi-storey retrofits are particularly 851 

problematic, as structural reinforcement and vertical water distribution add significant cost and 852 

complexity. Even in new buildings, spatial trade-offs between circulation, usable floor area, 853 

and greening installations can discourage adoption. These constraints often restrict iGI in 854 

residential contexts to small modular planters or lightweight walls, while larger commercial or 855 

institutional buildings can only accommodate such systems where sufficient space and 856 

structural provisions are planned during early design stages [200,201]. 857 

Integration with mechanical systems is another significant barrier to the adoption of iGI 858 

[47,200,202]. Poor coordination with HVAC infrastructure can lead to airflow disruption or 859 

condensation risks, particularly when installations obstruct diffusers or alter ventilation patterns 860 

[99,203]. Plumbing and irrigation create additional challenges: reliable water supply and 861 

drainage are costly to install and technically complex in multi-storey retrofits, while sensitive 862 

facilities such as museums often prohibit water infrastructure altogether [47]. Lighting 863 
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integration is another concern. Many interiors lack daylight, requiring supplemental LEDs that 864 

raise electricity demand and HVAC loads. Designing plant lighting that avoids glare and 865 

complies with energy codes typically requires case-specific solutions [204]. 866 

Economic and operational burdens remain key obstacles to the widespread adoption of iGI 867 

systems. Installation costs for living walls are considerably higher than standard interior 868 

finishes, and annual maintenance alone can account for approximately 8% of the initial 869 

investment, meaning that total upkeep over a 10-year period may match or exceed the original 870 

capital cost (Riley, 2017). These challenges are particularly pronounced in active systems that 871 

incorporate irrigation pumps, lighting, and monitoring infrastructure, where skilled labour is 872 

required for routine pruning, pest control, and system troubleshooting. Maintenance demands 873 

such as clogged irrigation lines, nutrient build-up, and pump failures can significantly increase 874 

operational complexity and long-term costs, particularly in buildings without access to 875 

horticultural or facilities expertise [47,198,205,206]. Maintenance can also be hazardous: 876 

vertical systems often require staff to work at height in damp conditions, increasing safety risks 877 

[207].  878 

To address these issues, several design optimisations have been proposed. Embedding greening 879 

systems within structural elements can reduce upfront costs, while modular and easily 880 

accessible configurations allow for simplified maintenance and faster interventions. Selecting 881 

hardy, slow-growing species and integrating efficient irrigation and monitoring systems can 882 

minimise replacement frequency, reduce water use, and ease the burden on facility staff. 883 

Without such strategies, indoor greening is likely to remain a high-end, bespoke intervention. 884 

However, when life-cycle cost, safety, and maintainability are considered from the outset, iGI 885 

can evolve into a scalable, robust, and serviceable component of mainstream building design. 886 

A cross-cutting barrier is the absence of clear technical standards and regulatory frameworks. 887 

Unlike structural or electrical systems, iGI lacks codified load calculations, waterproofing 888 
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guidelines, or fire performance classifications. This results in inconsistent practices and 889 

complicates approvals. Fire codes rarely address living wall assemblies, leaving regulators to 890 

make case-by-case decisions, discouraging adoption in risk-averse institutions [208]. Similarly, 891 

without certification protocols, claims about energy savings or indoor air quality improvements 892 

remain anecdotal, undermining investment [209]. 893 

These barriers manifest differently across building types as illustrated in Figure 10. Residential 894 

buildings face the steepest feasibility issues, limited structural capacity, no integrated plumbing, 895 

and a lack of skilled maintenance, restricting iGI to small planters or modular walls [199]. 896 

Commercial buildings have greater resources, but require careful HVAC and plumbing 897 

integration, and often depend on professional maintenance contracts to reduce liability. 898 

Institutional buildings, such as schools and hospitals, present the strictest fire, infection-control, 899 

and budgetary requirements, often limiting greening to enclosed or low-risk displays [47,209]. 900 

Key take home messages: (i) engineering barriers like load limits, lighting constraints, and 901 

HVAC conflicts restrict large-scale iGI deployment; (ii) maintenance, water management, and 902 

safety risks increase long-term costs and limit reliability; (iii) lack of standards for fire safety, 903 

waterproofing, and structural performance discourages adoption; (iv) early multidisciplinary 904 

coordination and innovation in lightweight, smart, low-maintenance systems are essential for 905 

mainstream implementation. 906 

Research gaps remain on: (i) developing validated load and durability models for vertical and 907 

modular systems; (ii) co-simulating HVAC-iGI interactions to prevent humidity conflicts; (iii) 908 

quantifying lifecycle costs and maintenance impacts; (iv) creating unified technical standards 909 

and certification protocols. Beyond engineering barriers, persistent non-technical barriers, 910 

including social acceptance and unclear liability and ownership of maintenance responsibilities, 911 

continue to limit iGI uptake in practice. Addressing these combined technical and non-technical 912 
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will shift iGI from bespoke designs to standardised building services, enhancing health and 913 

sustainability outcomes. 914 

3.   Discussion 915 

      The discussion on the above ten questions reveals critical quantitative gaps in indoor 916 

greening research. A matrix (Figure 11) synthesises the available quantitative evidence and 917 

expert judgment, intended to be indicative rather than definitive, including on the available data 918 

confidence, to translate the conceptual synthesis from Q1–Q10 into a systematic comparison 919 

framework. Details of the development of the matrix are included in SI Section S2, and the iGI 920 

type category in the matrix are grouped in accordance with the classification discussed in Q9, 921 

that iGI types are namely: (1) passive planting; (2) vertical greenery; (3) aquatic systems; (4) 922 

hydroponic system; (5) hybrid interventions and (6) space-scale planting. Each indicator 923 

corresponds to one or more of the ten questions, collectively capturing how iGI systems interact 924 

with indoor environmental, biological, psychological, and technical dimensions of performance. 925 

Data-availability scores show marked differences in the current evidence base (Figure S1). 926 

Research is comparatively well developed for VOC and PM removal, humidity regulation, 927 

thermal comfort, and mental wellbeing, although results remain heterogeneous and strongly 928 

context-dependent, reflecting decades of research on plant–environment interactions and 929 

human biophilic responses. Evidence on productivity and attention benefits is growing, but 930 

remains uneven and sensitive to experimental design, particularly for passive plants and indoor 931 

gardens. Several domains remain underexplored: Robust empirical data are limited for CO₂ 932 

modulation, noise absorption, HVAC and energy synergies, and the microbial implications of 933 

iGI, including bioaerosol generation, mould risk, and microbial community dynamics, with 934 

many studies relying on laboratory or short-term observations. Evidence is particularly sparse 935 

for aquatic, hydroponic, and space-scale planting systems (Q9), where most indicators draw on 936 

only a small number of studies. Current literature often shows a positive bias towards the 937 
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beneficial effects of iGI, with comparatively fewer studies reporting null results or system 938 

failures. This tendency leaves a gap in understanding the circumstances under which iGI may 939 

have neutral or even adverse impacts. The matrix reinforces this by showing low confidence 940 

levels for several indicators, especially pollutant removal, microbial diversity, and bioaerosol 941 

risks, suggesting that these findings should be interpreted with caution. Future research 942 

addressing these less-explored aspects, such as suboptimal maintenance, inadequate lighting, 943 

or unintended effects on indoor air quality, would provide a more balanced and comprehensive 944 

view of their real-world performance. 945 

Beyond data availability, the matrix highlights a performance-complexity continuum reflecting 946 

interdependencies throughout the ten-question framework. As iGI systems progress from 947 

passive to active, their capacity to influence air quality, humidity regulation and thermal 948 

comfort increases, but available evidence suggests substantial variability in both direction and 949 

magnitude of effects, particularly for air quality in real-world environments, remain uncertain, 950 

while operational demands, energy use and maintenance requirements also rise (Q1, Q3). 951 

Passive green walls provide low to medium VOC removal and medium RH moderation, while 952 

active biofilters deliver moderate PM and VOC reduction and consistent humidity balance, 953 

enhancing thermal comfort (Q1–Q4). However, CO₂ modulation remains consistently low 954 

across nearly all typologies, highlighting that most iGI systems cannot compensate for 955 

inadequate ventilation. This confirms that technological integration and controlled airflow may 956 

enhance certain aspects of IEQ under certain conditions (Q9–Q10). 957 

Performance data from Q2 shows how environmental conditions affect system efficiency. 958 

Passive planters tolerate variable light but are only modestly sensitive to high ventilation rates 959 

that diminish their impact. In contrast, hydroponic and aeroponic systems require intense 960 

artificial lighting and continuous irrigation to thrive. iGI effectiveness depends not just on 961 

system type but on compatibility with the surrounding environment. Without proper control, 962 
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systems experience stress and reduced thermal and humidity performance, indicating that 963 

performance gains are contingent on careful design, operation, and maintenance, confirming 964 

optimisation challenges identified in Q5. 965 

At the system level, the matrix connects HVAC/energy synergy, bioaerosol and mould risk, and 966 

IoT readiness to interaction between Q3 and Q5. Active biofilters and duct-integrated modules 967 

achieve moderate ventilation synergy and deliver limited energy savings when combining air 968 

recirculation with biological filtration. Hydroponic vertical farming systems also show 969 

comparatively high IoT/control readiness, indicating that technological sophistication is not 970 

limited to active biofiltration approaches. However, the biological activity that improves air 971 

treatment also increases mould risk to moderate levels and is associated with non-negligible 972 

bioaerosol risk, although empirical evidence remains limited across system types. Moderate 973 

IoT-readiness scores reflect the growing importance of sensor-based feedback and automated 974 

regulation to stabilise environmental conditions and prevent contamination under varying 975 

humidity and temperature. Space-scale installations like atria and winter gardens achieve a 976 

mixed performance profile, providing modest to moderate benefits across physical and social 977 

dimensions with moderate maintenance needs. Across these larger typologies, integration 978 

difficulty remains moderate, reflecting structural constraints and irrigation requirements. Such 979 

intermediate solutions balance the performance advantages of active systems with the 980 

accessibility of passive approaches (Q3, Q5, Q8). 981 

The socio-technical indicators in Q8–Q10 reveal tensions between sophistication and 982 

accessibility. Small and medium passive planters show high equity and accessibility with very 983 

high maintainability, making them suitable for diverse environments, including resource-984 

constrained housing. Smaller passive green walls, though moderate in maintenance effort, 985 

remain reasonably accessible and cost-effective compared to active or hydroponic systems. In 986 

contrast, advanced systems such as active biofilters, hydroponic towers, and aquaponic walls 987 
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score low and moderate in accessibility and equity, reflecting higher cost and technical barriers. 988 

Field evidence and maturity levels are highest for passive planters and certain passive green 989 

wall systems, while hydroponic and aquaponic systems remain in early-to-intermediate 990 

validation stages. This pattern confirms findings in Q9 and Q10, which identify maintainability, 991 

accessibility, integration complexity, and technical regulation as the main barriers to 992 

widespread implementation. 993 

The physiological, psychological, and ecological dimensions outlined in Q4, Q6 and Q7 994 

highlight iGI’s dual impacts on human well-being and indoor ecological dynamics. Vegetation 995 

can enhance thermal comfort and perceived freshness through modest to moderate humidity 996 

regulation and biophilic cues, potentially allowing for wider acceptable temperature ranges. 997 

Almost all typologies deliver moderate to high stress reduction and wellbeing benefits, 998 

primarily based on self-reported or short-term experimental evidence, suggesting that greenery 999 

provides psychological benefits regardless of measurable air quality improvements. 1000 

Productivity and attention benefits differ between typologies, with passive planters showing 1001 

consistently higher scores than passive green walls. Productivity and attention enhancements 1002 

are generally modest, with effects that appear sensitive to context, task type, and exposure 1003 

duration, but increase in immersive installations like atria and winter gardens. 1004 

The matrix establishes an initial roadmap for designing and evaluating indoor greening systems 1005 

within next-generation energy-efficient and health-oriented building environments. It confirms 1006 

that iGI effectiveness depends not just on technology, though technological integration 1007 

enhances specific biophysical functions, but on alignment between design intent, environmental 1008 

context, and user interaction. This shifts the discussion from “whether” indoor greening 1009 

improves IEQ to “how” it performs under different physical, biological, and social conditions, 1010 

and under which circumstances such performance may be limited, neutral, or counterproductive. 1011 
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4.   Conclusions 1012 

 The ten questions in this paper examine the role of iGI in shaping healthier, more 1013 

sustainable, and climate-resilient indoor environments. By systematically examining iGI 1014 

through biophysical, ecological, human, and socio-technical perspectives, the framework 1015 

integrates fragmented evidence from disciplines that have traditionally studied air quality, 1016 

comfort, and wellbeing in isolation. 1017 

Beyond the key messages and research gaps identified for each question, the following 1018 

conclusions emerge from the five thematic clusters. 1019 

TC1. Biophysical and technical performance (Q1–Q5): Indoor greening can influence IEQ 1020 

through biophysical, psychological and technical processes, including humidity regulation, 1021 

pollutant removal and heat exchange. Plants help moderate indoor temperature and humidity 1022 

and may reduce gaseous and particulate pollutants through deposition, filtration, and microbial 1023 

degradation (Q1). The effectiveness of these processes depends on environmental factors like 1024 

light intensity, substrate moisture and nutrient status, plant density, and ventilation rates, which 1025 

affect plant physiological activity and measurable IEQ improvements (Q2). Integrating iGI with 1026 

HVAC systems can enhance thermal and air-quality stability but involves trade-offs like 1027 

increased energy consumption and maintenance (Q3). Psychological benefits linked to biophilia 1028 

further enhance occupant comfort beyond measurable environmental changes (Q4). Emerging 1029 

technologies like IoT-sensing, machine learning, and digital twins enable predictive monitoring 1030 

and automated control (Q5), addressing prior barriers by optimising system performance and 1031 

preventing microbial growth. Challenges remain in sensor accuracy, data integration, cost, and 1032 

standardisation must be addressed for full implementation. Overall, iGI has the potential to act 1033 

as a living environmental moderator that is technically feasible, but requires refined engineering 1034 

for consistent performance. However, the magnitude and repeatability of these IEQ benefits 1035 

remain uncertain across building types and ventilation regimes, and stronger in-situ, long-term 1036 
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evidence is needed. Future work should prioritise standardised field trials and 1037 

mechanistic/predictive models that quantify how species, planting density, lighting, watering 1038 

and ventilation jointly determine reliable IEQ outcomes and associated energy trade-offs. 1039 

TC2. Ecological and microbiological dynamics (Q5–Q6): iGI shapes indoor microbial 1040 

ecology by potentially introducing beneficial plant-associated microbiota and moderating 1041 

bioaerosol risks. Predictive modelling and control systems can identify microbial thresholds to 1042 

prevent mould growth, supporting risk management and early warning (Q5). Plants stabilise 1043 

and enrich indoor microbial communities, possibly influencing pathogen dynamics, though 1044 

these effects require further study (Q6). Indoor plant microbiology and its human health impacts 1045 

remain under-researched, particularly regarding l ecosystem stability, species-specific 1046 

dynamics, and the functions of plant-associated microbes. Balancing microbial enrichment with 1047 

hygiene management through intelligent control systems is essential to prevent harmful 1048 

bioaerosol proliferation. Nonetheless, evidence on the stability, functionality, and health 1049 

relevance of plant-associated indoor microbiomes remains limited, and causal links to health 1050 

outcomes are still uncertain. Future research should combine longitudinal microbiome 1051 

monitoring, species-/substrate-specific comparisons, and risk assessment to determine when 1052 

microbial enrichment benefits versus when hygiene controls are needed. 1053 

TC3. Human health and well-being (Q4, Q7): Indoor greening may positively affect well-1054 

being through biophysical and psychological mechanisms. Improved humidity and thermal 1055 

conditions improve comfort, while natural elements can reduce stress and promote cognitive 1056 

performance and emotional wellbeing (Q4, Q7). These benefits align with Restoration theories, 1057 

highlighting biophilic exposure’s role in recovery and social connectedness. While short-term 1058 

benefits are well documented, long-term and multisensory effects across diverse contexts need 1059 

research. Effect sizes and persistence remain uncertain beyond short-term studies, and evidence 1060 

varies across building types and populations. Future work should prioritise long-term and 1061 
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multisensory exposure pathways alongside practical trade-offs like maintenance or allergen 1062 

risks. 1063 

TC4. Equity, access, and socio-economic impact (Q8): Indoor greening can reduce IEQ 1064 

inequalities by improving comfort and well-being in disadvantaged communities. Low-income 1065 

and ageing populations often experience poorer IEQ due to inadequate housing, limited 1066 

ventilation, and pollutant exposure. iGI could mitigate these conditions through humidity 1067 

control, pollutant reduction, and restorative benefits. However, most applications focus on 1068 

affluent or institutional contexts, leaving marginalised groups underrepresented in both research 1069 

and implementation. Co-created designs integrating local preferences and cultural values can 1070 

expand accessibility while fostering community ownership. Future policies must prioritise 1071 

affordability, maintenance capacity, and inclusivity, positioning iGI as both a technical and 1072 

social tool to reduce indoor environmental health disparities.  1073 

TC5. Implementation and systems integration (Q3, Q9, Q10): Scalable iGI deployment 1074 

requires overcoming technical challenges including structural constraints, HVAC integration, 1075 

and maintenance demands (Q10). Despite field evidence of IEQ benefits (Q9), lack of 1076 

standardised metrics and certification limits replication and investor confidence. Successful 1077 

integration into building management systems demands collaboration among architects, 1078 

engineers, and horticulturists to ensure safety, energy efficiency, and sustainability (Q3, Q10). 1079 

Innovations, including lightweight substrates, modular designs, and smart irrigation systems, 1080 

offer pathways to automation and reduced operational demands. Establishing international 1081 

technical standards (similar to green roof standards) is vital for regulatory acceptance and 1082 

market growth, including standardized protocols for lifecycle cost evaluation and safety 1083 

assessment to support investment confidence and deployment.  Uncertainties remain regarding 1084 

durability of benefits under realistic ventilation and performance decay across different iGI 1085 
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typologies. Mainstreaming iGI requires evidencing conditions where it delivers benefits in real 1086 

buildings. 1087 

Future research should move beyond isolated lab studies toward integrated, data-driven 1088 

approaches linking plant physiology, building engineering, and occupant health. The current 1089 

evidence base remains uneven across building types, climates, and user groups, with limited 1090 

long-term validation. Studies should prioritise standardised field protocols, longitudinal 1091 

monitoring and predictive modelling to quantify performance, energy trade-offs, and safety 1092 

under realistic conditions.  This paper provides a cross-disciplinary framework to guide when, 1093 

where, and how iGI can deliver measurable benefits in real buildings, and where key 1094 

uncertainties remain. 1095 
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List of Tables 1774 

Table 1. Summary of the most relevant ten-question and related reviews on indoor green 1775 

infrastructure, indoor environmental quality and associated topics, listed in descending order of 1776 

publication year.  1777 

References Focus area What was covered / Key findings 

Ten questions papers 

Aslanoğlu et 

al. [16] 

 

The paper explores how 

urban greenery can shape 

sustainable, resilient, and 

inclusive future cities. 

It addresses ten questions on ecosystem 

services, climate adaptation, carbon reduction, 

spatial development, technology, social and 

health benefits, risks, global case studies, and 

future governance, highlighting both 

opportunities and challenges of urban greenery. 

Schweiker et 

al. [17] 

Explores how subjective 

rating scales are used to 

assess IEQ and the 

challenges in their 

reliability, variation, and 

interpretation. 

Addresses ten questions on the history, 

language, variations, biases, alternatives, and 

future improvements of scales, emphasising the 

need for fit-for-purpose approaches to advance 

IEQ research. 

Booker et al. 

[18] 

Investigates future 

challenges for residential 

IAQ and environmental 

justice. 

Explores impacts of climate, policy, 

demographics, and behaviours on IAQ, 

highlighting inequities and the role of 

transdisciplinary research in achieving just 

solutions. 

Nazaroff 

[19] 

Reviews the sources, 

dynamics, and health 

risks of ultrafine particles 

indoors. 

Addresses outdoor infiltration, indoor 

generation, building factors, dynamic processes, 

and mitigation strategies, highlighting health 

risks and control opportunities. 

Awada et al. 

[20] 

Assesses how office 

environments contribute 

to stress and recovery. 

Discusses environmental conditions, design 

features, stress pathways, and recovery 

strategies, pointing to opportunities for healthier 

workplace design. 

Taylor et al. 

[21] 

Analyses causes, risks, 

and responses to 

overheating in dwellings 

under climate change 

Covers definitions, measurements, impacts, 

vulnerabilities, adaptation strategies, and policy 

needs, emphasising coordinated action for 

thermal comfort and energy efficiency. 

Ghaddar & 

Ghali [22] 

Examines strategies to 

mitigate infectious 

aerosol transmission in 

hot and humid climates 

with minimal energy 

cost. 

Reviews macro- and microenvironmental 

approaches (ventilation, filtering, localised 

control), addressing technological trade-offs and 

sustainable solutions. 
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Steinemann 

[23] 

Explores the role and 

impact of fragrance-free 

policies in indoor 

settings. 

Examines motivations, implementations, 

benefits, and challenges of such policies, 

emphasising their potential to reduce IAQ-

related health issues. 

Hoisington 

et al. [24] 

Examines how indoor 

environments influence 

mental health outcomes. 

Covers pathways via air quality, microbiomes, 

and environmental exposures, suggesting 

mechanisms and research needs for healthier 

environments. 

Prussin et al. 

[25] 

Reviews how Legionella 

bacteria spread via 

aerosols in buildings. 

Addresses sources, transmission pathways, 

epidemiology, engineering controls, and 

research gaps, emphasising risks and prevention 

strategies. 

Steinemann 

et al. [26] 

Examines how green 

buildings, while aiming 

for energy efficiency and 

sustainability, address (or 

fail to address) IAQ and 

occupant health. 

It addresses ten questions on definitions of green 

buildings and IAQ, certification schemes, 

comparative IAQ performance, risks from green 

practices and products, climate change 

implications, immediate and long-term 

improvement strategies, and research gaps, 

highlighting that green buildings do not 

automatically guarantee good indoor air quality. 

Hong et al. 

[27] 

Examines the role of 

occupant behaviour in 

shaping building energy 

performance and 

comfort. 

Covers concepts, applications, methodologies, 

and modelling approaches, highlighting gaps 

and opportunities to integrate qualitative and 

quantitative methods for reducing performance 

gaps. 

Adams et al. 

[28]  

Explores the role of 

building microbiomes in 

indoor environments and 

human health. 

Covers microbial sources, distributions, human 

influence, methodological advances, and future 

directions, highlighting the complexity and 

importance of indoor microbiomes. 

Other related review papers 

Paniccia et 

al. [29] 

Reviews how outdoor 

and indoor green spaces 

affect human health and 

ecosystems under climate 

change and urbanisation. 

Green space exposure enhances mental and 

physical health while providing ecosystem 

services, supporting its integration into public 

health policy and urban planning. 

Matheson et 

al. [30] 

Reviews advances in 

using plants for indoor 

phytoremediation to 

improve air quality. 

Indoor phytoremediation systems (potted plants, 

active biofilters, green walls) effectively remove 

VOCs and other pollutants, but real-world and 

mixed-pollutant studies remain limited, 

highlighting the need for field applications, 

microbial interaction research, and integration 

with sustainable building design. 
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Zhao et al. 

[31] 

Reviews epidemiological 

studies on the association 

between indoor plants 

and mental health 

outcomes. 

Limited but consistent evidence suggests indoor 

plants are linked to reduced stress, depression, 

and negative emotions, though studies are few, 

mostly cross-sectional, and concentrated during 

COVID-19, highlighting the need for more 

rigorous research. 

Fonseca et 

al. [32] 

Explores the health and 

well-being benefits of 

outdoor and indoor 

vertical greening systems 

(VGSs) in urban 

environments. 

VGSs can improve air quality, thermal comfort, 

and noise reduction with potential positive 

impacts on health and well-being, but current 

evidence is limited and often unquantified, 

highlighting research gaps in indoor 

applications, physiological measures, seasonal 

effects, and cost analysis. 

Ravindra & 

Mor [33] 

Reviews the potential of 

indoor plants for 

phytoremediation of air 

pollutants and improving 

indoor air quality. 

Indoor plants can significantly reduce VOCs 

and other air pollutants through leaves, roots, 

and microbial interactions, offering a cost-

effective way to improve health and comfort, 

though standardised evaluation, plant selection, 

and field-based studies are still lacking. 

Han et al. 

[34] 

Systematically reviews 

and meta-analyses the 

effects of indoor plants 

on human physiological, 

cognitive, health-related, 

and behavioural 

functions. 

Indoor plants positively influence relaxation and 

cognition, with meta-analysis indicating 

significant reductions in diastolic blood pressure 

and improvements in academic performance; 

however, the strength of evidence varies across 

outcomes, with some effects supported by 

limited or heterogeneous studies. 

Samudro et 

al. [35] 

Reviews the role of 

indoor plants as a 

“phytoarchitecture” 

platform for building 

health, emphasising 

plant-human-

environment interactions. 

Indoor plants improve air quality, reduce 

pollutants, and enhance health and wellbeing in 

schools, workplaces, and homes, supporting 

their integration into building design through the 

concept of phytoarchitecture, though attention is 

needed to avoid harmful species. 

Liu et al. 

[36] 

Examines how indoor 

green plants influence 

thermal conditions, air 

quality, and 

psychological wellbeing 

in indoor environments. 

Indoor plants regulate humidity and 

temperature, reduce VOCs and CO₂, and 

enhance learning, work efficiency, and patient 

recovery, though future research is needed on 

plant, heating, ventilation and air-conditioning 

(HVAC) systems integration, pollutant-specific 

efficiency, and physiological mechanisms. 
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Samudro & 

Mangkoedih

ardjo [37] 

Outlines the application 

principles of indoor 

phytoremediation using 

decorative plants to 

improve air quality. 

Indoor plants, especially with diverse species 

and active root-microbe interactions, can 

effectively remove VOCs such as formaldehyde 

and benzene, with efficiency influenced by plant 

type, plant parts, and environmental conditions, 

underscoring the importance of biodiversity in 

sustaining healthy indoor environments. 

Persiani [38] 

Identifies inconsistencies 

and research gaps in 

studies on the benefits of 

using plants in indoor 

environments, with 

attention to plant-related 

parameters. 

Analysis of 31 experimental studies shows 

major gaps in reporting plant species, health, 

and environmental conditions, revealing a 

strong human-centred bias; future research 

should treat indoor plants as part of an 

ecological system to improve reliability and 

design. 

Bandehali et 

al. [39] 

Examines the current 

state of indoor air 

phytoremediation using 

potted plants and green 

walls, focusing on 

pollutant removal 

mechanisms, plant 

species, and applications. 

Potted plants and green walls effectively remove 

VOCs, formaldehyde, benzene, and particulates, 

also improving thermal comfort and reducing 

stress, though challenges remain in long-term 

stability of removal efficiency, pollutant-

specific mechanisms, and the role of plant–

microbe interactions in sustaining performance. 

Han & Ruan 

[40] 

Systematically 

synthesises quantitative 

studies on how indoor 

plants affect air quality 

and microclimate. 

Indoor plants significantly reduce pollutants 

such as formaldehyde, benzene, and toluene, 

while also increasing humidity and lowering 

temperature; plant diversity enhances overall 

effectiveness, though most evidence comes from 

short-term lab studies. 

Aydogan & 

Cerone [41] 

Summarises evidence on 

how indoor plants affect 

air quality, wellbeing, 

and cognitive 

performance in built 

environments. 

Indoor plants and their root-microbe systems 

can remove pollutants such as VOCs while 

providing psychological, physiological, and 

cognitive benefits, but most studies rely on 

sealed chamber experiments with unrealistically 

high plant densities, highlighting the need for 

real-world investigations. 

Deng & 

Deng [42] 

Summarises the 

fundamental roles of 

indoor plants in human 

health and comfort 

through photosynthesis, 

transpiration, 

psychological effects, 

and air purification. 

Indoor plants release oxygen and negative ions, 

regulate humidity and temperature, alleviate 

stress and anxiety, improve productivity, and 

remove pollutants such as formaldehyde, 

benzene, and toluene, positioning them as low-

cost, sustainable biofilters for healthier indoor 

environments. 
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Moya et al. 

[10] 

Provides an overview of 

indoor green systems 

(e.g., plants, living walls, 

biofilters) and their 

impacts on IEQ. 

Green systems can improve IAQ by removing 

VOCs, regulating temperature and humidity, 

reducing noise, and enhancing wellbeing and 

productivity, though real-world evidence is 

limited and further research is needed on 

pollutant-removal mechanisms and integration 

with HVAC systems. 

Raji, et al. 

[43] 

Reviews the effects of 

diverse greening systems 

(green roofs, vertical 

greenery, balconies, sky 

gardens, indoor gardens) 

on building energy 

performance across 

climates. 

Greening systems reduce cooling and heating 

loads through shading, insulation, and 

evapotranspiration, improve IAQ and comfort, 

and in some cases lower VOCs and CO₂, but 

their efficiency varies by climate, system type, 

and design, requiring further optimisation and 

cost-benefit analysis. 

  1778 
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Table 2. Summary of studies investigating light and water availability impacts on indoor 

plants’ stomatal responses and capacity to remove gaseous pollutants. 

References Plant species Setting / Context 
Light source/ 

intensity 
Key outcomes  

Pennisi and 

van Iersel, 

[66] 

16 different 

taxa, 

representing a 

range of leaf 

characteristics 

Controlled 

environment (CE), 

individual potted 

plants (x6) in bark 

substrate 

CE metal 

halide and 

high-pressure 

sodium lamps 

10, 20, 30 

micromol m-2 

s-1 

Understanding 

of indoor light 

levels' impacts 

on plant 

photosynthesis 

and growth of a 

very wide range 

of species 

Irga et al., 

[75] 

Syngonium 

podophyllum 

CE, individual 

potted plants (x8) 

in bark substrate or 

hydroponics 

 

20 micromol 

m-2 s-1 

Understanding 

of the 

contribution of 

rootzone water 

content on 

removal of CO2 

and VOCs 

Torpy et al., 

[64] 

8 widely used 

taxa in indoor 

landscaping  

CE, individual 

potted plants (x8) 

in bark substrate 

 10-350 

micromol m-2 

s-1 to represent 

indoor to 

outdoor range 

Leaf-based light 

response curves 

and 

compensation 

points 

Whole-potted-

plant CO2 fluxes 

Gubb et al., 

[44] 

Spathiphyllum 

wallisii ‘Verdi’, 

Dracaena 

fragrans 

‘Golden Coast’ 

Zamioculcas 

zamiifolia 

Individual potted 

plants in perspex 

chambers 

Dark and 500 

lux (20 

micromol m-2 

s-1) 

 

Removal of NO2 

in wet and dry 

soil and 

light/dark 

conditions 

Berger et al., 

[62] 

5 different taxa, 

representing a 

range of 

leaf/canopy 

characteristics 

and transpiration 

rates, with 

greater room 

scale focus on: 

Ficus benjamina 

Epipremnum 

aureum 

Individual potted 

plants 

In CE chambers 

with varying 

humidity/temperatu

re/VPD 

6-12 plants in 

unoccupied offices 

in winter, spring 

and summer 

20 micromol 

m-2 s-1  

 

Room 

conditions 

with 

supplementary 

spot-lighting 

(iro 20-30 

micromol m-2 

s-1) 

Understanding 

of the impact of 

ambient 

conditions on 

plants’ capacity 

to humidify air 

in CE and at 

room scale in 24 

h intervals - 

species 

differences in 

CE but 

minimal/no 

impact at office 

scale 
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Jiang et al. 

[69] 

Nephrolepis 

exaltata 

Room-level 

humidity changes 

when different 

numbers of 

individual potted 

plants (0, 5, 18) 

were employed in 

unoccupied offices 

(spring) 

 Room 

conditions 

 

Increase in 

room-scale RH 

with any plant 

presence, but no 

effect on CO2 

Lyu et al., 

[74] 

Active green 

walls (species 

monoculture, for 

7 different 

species, x3) 

In perspex 

chambers  

 Room 

conditions 

 Impact of 

irrigation 

volumes and 

flow rates on the 

efficiency of 

active system 

  1779 
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Table 3. Summary of studies on indoor greening effects on thermal sensation and comfort. 1780 

Referen

ces 

Indoor 

greening 

intervention 

Setting / 

Context 

Thermal 

metrics 

assessed 

Sample / 

Duration 
Key outcomes 

Notes / 

Limitations 

Budaniy

a et al., 

[93] 

Potted plants 

(Epipremnu

m, Dypsis) 

AC 

classroom

, 

composite 

climate, 

India 

Air temp, 

RH, CO₂, 

TSV 

118 

students; 

20 days 

Felt cooler 

(−0.42 TSV); 

less dryness; 

stable 

satisfaction 

Young sample; 

short exposure; 

energy 

modelled only 

Tashiro 

& 

Harada, 

[96] 

VR biophilic 

office 

Two 

chambers, 

Tokyo; 

24/30 °C 

TSV, 

comfort, 

HR, HRV, 

sAA 

45 

students; 

~10 min 

Biophilic VR 

felt cooler; 

comfort 

higher 

Short VR 

sessions; 

student sample; 

energy 

estimated 

Iddio et 

al., [95] 

Hydroponic 

living wall, 

LFAR 25% 

Windowle

ss room, 

ASHRAE 

6B, 23-

27 °C 

Air temp, 

RH, TSV, 

TCV, TPV 

(+PMV 

comparison) 

74 

students; 

~1 h 

paired 

TSV lower by 

0.70 at 

24.5 °C; 

comfort 

higher 

Single room; 

uncontrolled 

humidity; 

energy 

modelled only 

Liu et 

al., [82] 

Active plant 

wall 

(hydroponic

) 

Sealed 

labs, 

Qingdao; 

3 seasons 

Air temp, 

RH, CO₂,air 

speed,  skin 

temp 

~60 per 

season; 

~40 min 

Temp 

reduction 

1 °C; RH 

higher; 

comfort near 

neutral 

Lab only; 

student sample; 

sealed 

chamber; short 

exposure 

Wang et 

al., 

[101] 

Modelled 

indoor living 

walls 

EnergyPlu

s 

simulation

s 

Temp, RH, 

loads, 

setpoints 

Simulatio

n study; 

lab data 

cited 

Cooling 

setpoint raised 

0.5-0.9 °C; 

latent loads 

increased 

Simulation 

only; latent 

loads increase; 

reduced net 

savings 

Al 

Sayyed 

& Al-

Azhari, 

[103] 

VR biophilic 

room 

VR 

residential 

sim, 

Jordan 

SCL, BP 
94 adults; 

~30 min 

Biophilic VR 

reduced SCL; 

better 

recovery and 

comfort 

VR only; no 

direct TSV 

votes; short 

exposure 

Ma et 

al., [94] 

Indoor green 

wall, GVI 0-

15% 

AC lab, 

Xi’an, 

26 °C 

TSV, TCV, 

BP, HR, 

EEG 

144 

students; 

~35 min 

TSV same; 

TCV higher 

with larger 

wall; 

improved 

relaxation 

Short exposure; 

student sample; 

no energy 

analysis 

Jiang et 

al., [69] 

0, 5, 18 

Boston ferns 

Three 

offices, 

Canberra 

RH, temp, 

CO₂ 

Six 

periods; 2 

days each 

RH increased 

with plants; 

temperature 

unchanged; 

no comfort 

votes 

No occupants; 

AC off; one 

species; short 

duration 
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Lipczyń

ska et 

al., [98] 

Green walls 

(Epipremnu

m, 

Philodendro

n) 

Five 

Warsaw 

offices; 3 

stages 

Temp, RH, 

thermal/hum

idity votes 

85 staff; 

≥2 

weeks/sta

ge 

Thermal 

acceptability 

highest with 

green walls 

HVAC mixing 

confounding 

influence; 

unbalanced 

survey data 

Priya & 

Senthil, 

[102] 

Potted 

balcony 

plants 

(mixed 

species) 

3-story 

apartment, 

Chennai 

Indoor/outdo

or temp, 

surface 

temp, RH 

~25 days; 

3 phases 

Indoor temp 

lower by up to 

2.3 °C 

One balcony; 

short duration; 

no comfort 

votes 

Berger 

et al., 

[62] 

Potted Ficus 

(6)/Epiprem

num (12) in 

a room + 

chamber ET 

tests 

UK 

offices; 

seasonal 

tests 

Humidity, 

temp, ET 

~6 

days/seas

on; 24 h 

periods 

Indoor 

humidity 

higher in 

chambers, but 

not office 

scale; no temp 

effect 

No comfort 

votes; 

unoccupied 

office; small-

scale; short 

duration 

Liu & 

Meng, 

[99] 

Living wall 

with 

ventilation 

Two 

sealed 

labs, 

Qingdao 

Temp, RH, 

CO₂, MST, 

comfort 

votes 

60 

students; 

80 min 

Temp lower; 

RH higher; 

comfort 

scores 

improved 

Short-term; 

sealed rooms; 

young sample; 

single plant 

species 

Ding et 

al., 

[100] 

Living wall 

with split 

AC 

Two 

3×3×2.8 

m rooms, 

Qingdao 

Air temp, air 

speed, RH, 

CO₂, TSV, 

MST 

72 

students; 

80 min 

RH higher; 

TSV shifted 

from warm to 

slightly warm; 

MST lower 

Short-term; 

sealed rooms; 

student sample; 

hygiene risks 

de Vries 

et al., 

[104] 

Professional

ly installed 

potted plants 

Nine 

Dutch 

organisati

ons 

Dryness, 

thermal 

discomfort 

594 staff; 

up to 4 

months 

Fewer dryness 

complaints; 

no change to 

hot/cold 

Quasi-

experiment;unb

alanced data; 

seasonality; 

COVID 

disruption 

Mangon

e et al., 

[97] 

Potted plants 

(23-30 per 

room) 

Office, 

Netherlan

ds; 4 

rooms, 4 

seasons 

Operative 

temp, RH, 

TCV, TPV 

67 

workers; 4 

weeks/sea

son 

(winter 6 

weeks) 

Comfort +8-

12%; ~1.8-

1.95× more 

likely 

comfortable 

Single site; 

modest sample; 

mainly 

psychological  

Acronyms: CO₂ = Carbon dioxide; EEG = Electroencephalogram; ET = Evapotranspiration; 1781 

GVI = Green View Index; HR = Heart rate; HRV = Heart rate variability; LFAR = Leaf-to-1782 

floor area ratio; MST = Mean skin temperature; RH = Relative humidity; sAA = Salivary alpha-1783 

amylase; SCL = Skin conductance level; SET* = Standard Effective Temperature; TCV = 1784 

Thermal comfort vote; TPV = Thermal preference vote; TSV = Thermal sensation vote; VR = 1785 

Virtual reality. 1786 
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Tables 4. Summary of field experimental studies on the effect of indoor greening on IEQ.  1787 

Refere

nces 

iGI 

types 

Purpo

se 

Settin

g 

Sample/

Duratio

n 

Key 

outcom

es 

Plant Species 

(percentage/

number of 

plants) 

Notes / 

Limitations 

Passive Planting  

Kaur 

et al. 

[190] 

Floor

-

integ

rated 

potte

d 

Plant

s 

IAQ 

impro

veme

nts 

and 

humid

ity 

regula

tion 

Contr

olled 

condit

ion 

(offic

e 

room) 

1 office 

Reduct

ion of 

PM 

and I/O 

ratio of 

PM; 

increas

e 

indoor 

humidi

ty 

Epipremnum 

aureum (8 

pots) 

Exposure 

duration 

unclear 

Sharm

a et al. 

[191] 

Potte

d 

Plant

s  

IAQ 

impro

veme

nts 

Resid

ential  

(mech

anical

ly 

ventil

ated) 

4 studio 

apartme

nts; 2 

months 

Reduct

ion in 

CO2, 

TVOC

s and 

PM 

Sansevieria 

kirkii, 

Sansevieria 

trifasciata, 

Monstera 

deliciosa, 

Zamiifolia 

and 

Portulacaria 

afra 

Small sample 

and single 

season/locati

on; 

ventilation 

behaviour 

constrained 

by cold 

weather 

Al 

Qassi

mi and 

Jung 

[192] 

Floor

-

integ

rated 

potte

d 

Plant

s 

IAQ 

impro

veme

nts 

Labor

atory 

rooms 

(hot 

desert 

climat

e) 

2 

laborato

ry 

rooms; 

12 

months 

Reduct

ion of 

VOCs; 

a large 

plantin

g 

volume 

is 

require

d 

Pachira 

aquatica, 

Ficus 

benjamina, 

and 

Aglaonema 

commutatum 

Limited post-

installation 

observation 

windows and 

plant set 

Jamalu

din et 

al. 

[193] 

Smal

l-

scale 

potte

d 

Plant

s 

IAQ 

impro

veme

nts 

and 

humid

ity 

regula

tion 

Classr

oom 

(univ

ersity

) 

~20–30 

occupan

ts; 1 

month 

Reduct

ion in 

CO2 

and 

TVOC

s; 

lowere

d 

relative 

humidi

ty 

Peace lily 

and Janet 

craig 

Single room; 

short 

monitoring 

period; 

limited 

participant 

sample 

Vertical Greenery 
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Campi

otti et 

al. 

[194] 

Gree

n 

walls 

IAQ 

impro

veme

nts 

Schoo

l  

Primary 

school 

corridor

; ~ 18 

months 

High 

PM 

remova

l, low 

VOC 

remova

l 

Marantha 

leuconera 

(56), 

Chamaedore

a elegans 

(104), Pilea 

peperomioid

es (65), 

Chlorophytu

m comosus 

(97), 

Calathea 

amabilis 

(86), 

Calathea 

ornata (12) 

and Calathea 

orbifolia 

(12). 

Single school 

and 

installation 

configuration 

Lipczy

nska et 

al. 

[98] 

Gree

n 

walls 

IAQ 

and 

well-

being 

impro

veme

nts, 

therm

al 

condit

ions 

regula

tion 

Offic

e 

15 

offices; 

85 

occupan

ts; 6 

weeks 

Improv

e 

thermal 

comfor

t, 

percept

ion of 

air 

quality 

and 

humidi

ty, and 

workin

g 

perfor

mance 

(well-

being) 

Epipremnum 

aureum and 

Philodendron 

scandens 

Non-

standardised 

office layout, 

window 

orientation 

and HVAC 

settings; self-

reported 

well-being 

and 

productivity 

levels 

Vanice

la et 

al. 

[195] 

Moss 

IAQ 

impro

veme

nts 

Labor

atory  
NA 

Reduct

ion in 

fine 

PM 

particle

s 

B. rutabulum 
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List of Figures 1790 

 1791 
 1792 

Figure 1. Classification of iGI types into passive, transitional, and active categories (Source: 1793 

authors’ original illustration).  1794 
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 1796 
Figure 2. Core-to-Impact conceptual framework depicting the relationships and thematic 1797 

interlinkages (TC) between the ten research questions (Q). Questions Q3, Q5, Q6, Q9 and Q10 1798 

are cross-cutting and associated with more than one thematic cluster  (Source: authors’ original 1799 

illustration). 1800 

 1801 
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 1802 

Figure 3. Pathways of iGI influencing IEQ, including effects on pollutants, microclimate, 1803 

temperature, humidity, noise, stress, and microbial communities (Source: authors’ original 1804 

illustration). 1805 
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 1806 

Figure 4.  Schematic showing how iGI affects HVAC system performance (Source: authors’ 1807 

original illustration). 1808 

1809 

Figure 5.  Schematic showing how iGI enhances thermal sensation and comfort (Source: 1810 

authors’ original illustration). 1811 
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 1812 

 1813 

Figure 6. Conceptual illustration of advanced technologies and associated challenges in iGI 1814 

systems. The framework demonstrates how smart sensing and IoT, AI-driven predictive 1815 

analytics, and intelligent control form an integrated feedback loop to predict and maintain IEQ, 1816 

targeting bioaerosol reduction and dampness control. The surrounding wheel highlights key 1817 

challenges to large-scale adoption, which constrain the real-world scalability of intelligent, self-1818 

regulating iGI systems (Source: authors’ original illustration). 1819 

 1820 
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 1821 

Figure 7. Conceptual representation of a symbiotic indoor environment highlighting the 1822 

potential role of living indoor plants in shaping indoor microbial diversity (Source: authors’ 1823 

original illustration). 1824 

 1825 

Figure 8. Evidence suggests that iGI can promote stress reduction and cognitive/physiological 1826 

benefits, yet there are still key research gaps in long-term, multisensory, and equitable 1827 

approaches (Source: authors’ original illustration). 1828 
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 1829 

Figure 9. Data availability of iGI typologies along their associated indoor environmental 1830 
quality impact and ease of maintenance (Source: authors’ original illustration). 1831 

 1832 

 1833 

Figure 10. Engineering barriers and solution strategies for IGI. The diagram illustrates barrier 1834 

categories, their impact across building types, corresponding potential iGI coverage, and 1835 

pathways to overcome challenges through standardisation, engineering innovations, smart 1836 

systems, and biological advances. In the left panel, the y-axis is unitless and provides a 1837 

qualitative representation of the possible number of iGI installations across different building 1838 

types, while the x-axis (values in brackets) denotes the corresponding engineering barriers 1839 

illustrated in the central figure (Source: authors’ original illustration). 1840 
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 1841 

Figure 11. Impact of twenty-six indoor greening typologies on twenty indicators identified 1842 

through Q1-10. Two ratings are provided for each box: impact score (0-5) and a confidence 1843 

level via colour code (Source: authors’ original illustration).  1844 


